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Abstract
The present thesis is concerned with solid solutions of organic dyes. The organic
molecules are incorporated in both optically inert or active and in rigid or flexible matrices,
respectively. Exclusively thin films prepared by physical vapor deposition are studied.
The optical response of the systems, in dependence on their structure and on the matrix
nature, is investigated by means of absorption and luminescence spectroscopy.
In the first part, perylene and 2,2-difluoro-1,3,2-dioxaborine derivatives, and Alq3
(tris(8-hydroxyquinoline) aluminium) embedded in the optically inactive SiO2 and poly-
imide hosts are studied. For the system dye molecules/SiO2 matrix, two sample prepa-
ration approaches, co-deposition and layer-by-layer, are compared. It is demonstrated
that the luminescence properties of the mixed layers are affected by dye distribution and
thin film composition. The photoluminescence quantum efficiency is strongly influenced
by dye aggregation and Förster transfer. Therefore, effective separation and isolation of
dye molecules in the matrix results in increased PL efficiency. Furthermore, it is estab-
lished that layer-by-layer growth mode assures more homogeneous dye distribution. The
spectroscopic studies also show that, since dye and matrix condense successively in time,
luminescence losses due to thermal degradation of molecules are reduced. Hence, the film
structure can be optimized with regard to high absorption and luminescence quantum
efficiency.
The experimental findings suggest that the luminescent properties of the embedded
dyes are influenced by the nature of the host environment as well. In the rigid SiO2
matrix, it is possible to observe isolated facial Alq3 molecules with distinctive blue lu-
minescence. In contrast, in the "soft" organic polyimide matrix Alq3 exhibits ordinary
green luminescence. Thus, the structural properties of the host, rigidity and density,
are found to be crucial for preservation of the facial Alq3 molecules. It is further demon-
strated that the immobilization of molecules in the rigid SiO2 matrix in combination with
layer-by-layer growth results in improved photostability.
In polyimide matrix, the behavior of incorporated molecules is governed by the mor-
phological changes of the host. These changes are defined by the curing procedure, needed
for imidization, and give rise to a certain film structure.
In the second part, special attention is paid on the luminescence response of dispersed
DCM (4- dicyanomethylene-2-methyl-6- (p-dimethylaminostyril)-4H-pyran) and rubrene
(5,6,11,12-tetraphenyl-naphthacene) molecules in the optically active Alq3 matrix. The
observed enhancement of luminescence intensity and alteration of emitted color are fa-
vorable for application of the doped Alq3 films as converter layers in combination with
commercial blue light emitting diodes in luminescence conversion devices. It is demon-
strated that by optimization of the conversion layer parameters white light generation can
be achieved. The devices are characterized by high conversion efficiency and Lambertian
distribution of the emitted light. However, they lack sufficient stability with regard to
practical applications.
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1 Introduction
In the last fifteen years, organic semiconductors have been intensely investigated
and successfully introduced in various electronic and optoelectronic devices, since
they offer many novel properties. The immense interest is caused by technological
advantages such as low cost, easy synthesis and purification, as well as efficient
processing on large areas. Additionally, quantum chemistry and the molecular
design offer almost unlimited possibilities for synthesis of materials with desirable
behavior, which allows tuning of energy levels, emission color, etc.
In comparison to inorganic semiconductors, organic semiconductors show unique
physical properties as well. They have low refractive indices, thus the reflection
losses at the interfaces are lower than for the III - V semiconductors. Many organic
dyes have high selective absorption in the visible spectral range (∼ 1x105 cm−1),
which allows to use very thin layers and accordingly thin devices, e.g. photovoltaic
cells [1]. Also, some materials show large Stokes shift, hence self-absorption losses
are avoided [2].
As photoreceptors in electrophotographic imaging and laser printing, organic
photoconductive materials have already replaced inorganic semiconductors on a
large scale. Most recently, substantial progress in the development and improve-
ment of organic light emitting diodes (OLEDs) has enabled the commercial avail-
ability of flat panel displays based on organic semiconductors. In contrast to liquid
crystal displays (LCD), they exhibit bright and saturated colors independent of
the viewing angle [3]. Considerable efforts are also made in the development and
optimization of organic thin-film transistors (OTFTs) [4] and photovoltaic cells
[5, 6, 7] due to their low-cost and low-temperature fabrication process.
The immobilization of dye molecules in matrices is a basic technique in lumi-
nescence conversion systems [8], solid state dye lasers [9, 10], non-linear optics,
etc. Here, the nature of the matrix governs nearly all characteristics of the dye:
It causes a spectral shift in both absorption and emission, alters the distribution
between processes which the excited state may undergo, e.g. intersystem crossing,
and consequently the fluorescence lifetime, and influences the photostability [11].
In contrast to liquid systems, the solid solution of an organic dye represents a
mechanical mixture. Thus, the structure of the solid system will affect the optical
response of the embedded organic molecules as well.
In general, it is established that the separation in a rigid matrix leads to higher
quantum efficiencies than in liquid solutions [12]. Furthermore, the maximum
efficiency in solid systems is reached at concentrations which already cause the
so-called concentration quenching in liquid systems [13]. In addition, the incor-
poration in rigid matrix leads to increased photostability of the dye molecules
[14, 15, 16].
Commonly, sol-gel [17, 18] or polymer hosts [19, 20] are preferred. However, the
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"wet" methods used for preparation of these systems have several disadvantages;
thickness, uniformity of the films, and dye aggregation are difficult to control, and
solvent is still present within the layers. Also, there are health and environmental
problems due to the volatile solvents. An alternative method by which these
drawbacks could be overcome is physical vapor deposition (PVD). It is compatible
with the whole dry technology and hence is suitable for preparation of complete
products. By means of co-evaporation of two or more materials, PVD enables
the preparation of dye solutions at various concentrations in transparent matrices
[21]. The choice of matrix is independent of the dye solubility. Furthermore, PVD
offers controlled distribution of the incorporated dye in the whole film volume as
well only in defined parts of it. The latter is particularly important for systems
comprising two or more dyes (e.g. converter layers, doped layers for OLEDs).
Therefore, the object of study of the present thesis are exclusively mixed thin
films prepared by PVD.
Investigations on various dyes (e.g. merocyanine, Cu-phtalocyanine, etc.) em-
bedded in oxide matrices (ZrO2, SiO2, TiO2) and other inorganic materials (NaF,
CaF) [22, 23] by PVD are reported in literature. Particular attention is paid to
the structural and mechanical properties. For the optical properties, the emphasis
is mostly laid on the dependence of the color coordinates on dye concentration.
There are only few systematic studies on the photophysical properties of such
systems [24, 25], which are restricted to layers obtained by simultaneous conden-
sation (co-evaporation) of matrix and dye. In summary, the following effects are
observed: (i) The solid state of the matrix (amorphous or crystalline) influences
differently the distribution of incorporated dye molecules and thus the absorption
and luminescence spectra (ii) Diluted solid solutions show predominant monomer
emission and consequently enhanced luminescence quantum efficiency (iii) For po-
lar dye molecules, dilution in the matrix results in pronounced solvent shifts of
absorption and emission.
In general, the photophysical properties of vacuum deposited (VD) layers de-
pend on their structure, which is defined by the preparation conditions. Therefore,
this work is focused on investigation of the luminescent properties of composite
dye/matrix VD films as function of their composition and structure, i.e. total
dye concentration and especially dye distribution in the matrix. For this reason,
we introduce a preparation approach which is not new but, to the best of our
knowledge, unfamiliar in studies on dye/matrix VD systems. We refer to it as
"layer-by-layer". In contrast to the classical co-evaporation, this approach en-
ables separate condensation of matrix and dye during the deposition process and
variety of film structures. Thus, we make a comparative study of solid solutions
of organic dyes grown by simultaneous condensation and grown layer-by-layer. It
is our aim to find a correlation between the structure of the mixed layers and
their optical characteristics. Crucial parameters for the practical application of
solid state organic systems in lighting applications are the quantum yield and the
photostability. In this context, the subject of our interest is optimization of the
film structure (dye distribution) for increased luminescence efficiency and photo-
stability based on modification of the preparation technology.
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As optically inert matrix materials we use SiO2 and polyimide (PI). They ex-
hibit high mechanical and photostability, along with chemical resistivity [26]. Both
materials yield stable films with reproducible and well-controlled properties that
have low absorbance in the visible spectral region. In addition, PI is easy evap-
orable at relatively low temperatures, close to those of the organic dyes to be
embedded. The incorporation of proper dyes in these matrices could result in
beneficial photophysical and mechanical properties.
The perylene and 2,2-difluoro-1,3,2-dioxaborine derivatives we investigate grow
as crystalline structures. Therefore, they show rather different spectral response
as isolated molecules and molecular crystals. Thus, using various deposition con-
ditions (growth modes, evaporation rate, concentration ratio, etc.) we are able to
influence dye aggregation in the layers. Another material of study is Alq3, which is
known to grow quasi-amorphous thin films [27]. Its optical properties in solution
and in the solid state are rather similar. However, since Alq3 has various poly-
morphs and two optical isomers [28, 29], it is possible to expect interesting optical
properties in dependence on the grown mixed film structure. For this reason, we
investigate how the nature of the matrix, rigid (SiO2) or "plastic" (PI), affects the
distribution of Alq3 isomers in the solid solution.
A comparison of the photopysical response for different matrix nature can also
provide valuable information about the feasibility of the hosts with respect to
practical applications. We demonstrate that the structural properties of the SiO2
matrix (density, rigidity) are a crucial factor not only for the luminescence behavior
of the embedded organic dyes, but also for their photostability.
In addition, we study the optical behavior of dyes incorporated in Alq3 as an
example of optically active matrix. Optically active here denotes the ability of the
material to absorb and fluoresce in the visible spectral range, thus energy transfer
processes are to be expected. The latter are known to result in increased lumines-
cence efficiency and alteration of luminescence color [36, 56]. Taking advantage
of both effects, on the basis of doped Alq3 films, we present the realization of
efficient organic luminescence converter devices. We define the optimal combina-
tion of parameters such as thickness and dopant concentration for obtaining white
light.
This work is organized as follows: In Chapter 2, the necessary theoretical back-
ground for describing the photophysical properties of solid solutions of organic
dyes is introduced. After an overview of the basic materials, experimental details
and methods used in the study (Chapter 3), the main experimental results are pre-
sented in Chapters 4 and 5. Chapter 4 is concerned with organic dyes distributed
in the optically inactive matrices SiO2 and PI. Chapter 5 addresses the lumines-
cence behavior of doped with DCM and rubrene vacuum deposited Alq3 thin films.
Also, examples for application of the doped Alq3 films as luminescence conversion
(LUCO) layers in combination with blue light emitting diodes (LEDs) as excita-
tion light sources are presented. In contrast to the preceding chapter, however,
Chapter 5 deviates from the overall structure of the thesis. Before discussing the
experimental results on the luminescence conversion devices, the theoretical basics
about the LUCO principle, quantum efficiencies and chromaticity coordinates are
5
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introduced. Conclusions and an outlook for further investigations are presented
in Chapter 6.
6
2 Photophysical properties of organic molecules in
solid films
The photophysical properties of solid organic films are readily traceable to the prop-
erties of the constituent organic molecules. Therefore, in this Chapter, we first
address the basic concepts of optical excitation and subsequent relaxation of iso-
lated molecules. Sections 2.2 to 2.4 consider the problem of interacting molecules
by introducing the collective response of common molecular complexes and existing
energy transfer mechanisms. Since solid solutions of organic dyes are subject of the
thesis, in Section 2.5 we treat the effects of the physical environment on the molec-
ular behavior. Next, we discuss the basic photobleaching reactions and parameters,
influencing the photostability. Finally, in Section 2.7 we present a brief review
of experimental results on the optical properties of various types multi-component
solid systems.
2.1 Absorption and relaxation of isolated molecules
An isolated molecule (monomer) comprises nuclei and electrons which interact
with each other. The nonrelativistic Hamilton operator is then given by:
Hmol = Tel(ri) + Vel−nuc(ri, RA) + Vel−el(ri) + Tnuc(RA) + Vnuc−nuc(RA), (2.1)
where ri, RA are the electron and nuclei coordinates, respectively; Tel and Tnuc
represent the kinetic energies of electron and nuclei [154]. Since both kinds of par-
ticles are charged, the Coulomb interaction potentials are Vel−el between electrons,
Vnuc−nuc between nuclei, and Vel−nuc between electrons and nuclei.
The stationary properties of the defined molecular system are contained in the
solutions of the time-independent Schrödinger equation:
HmolΨ(ri, RA) = EΨ(ri, RA). (2.2)
The practical solution of (2.2) is based on the so-called Born-Oppenheimer ap-
proximation: due to the large mass difference, mel ¿ M nuc, electrons respond
instantaneously to any changes in the nuclear configuration. That is, the interac-
tion between nuclei and electrons, Vel−nuc, is modified due to the motion of the
nuclei only adiabatically and does not cause transition between different electronic
states. Hence, the molecular wave function can be expressed as the product of
electronic (ψn) and vibrational (φnv) wave functions:
Ψ(ri, RA) = ψn(ri, {RA})φnv(RA), (2.3)
where n denotes the number of the electronic level and v of the vibronic levels.
This leads to separation of the Hamiltonian into an electronic and a nuclear part.
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The electronic part (neglecting the electron spin) is
Hel|ψn〉 = Eeln |ψn〉 (2.4)
with
Hel = Tel(ri) + Vel−el(ri) + Vel−nuc(ri), (2.5)
where ψn(ri, {RA}) is the wave function for all electron coordinates ri for a fixed
nuclear configuration {RA}. Correspondingly, φnv(RA) is the wave function of the
v -th vibrational state of the electronic state n of energy Eeln (RA):
Hvib|φnv〉 = Evibnv |φnv〉, (2.6)
with
Hvib = Tnuc(RA) + Vnuc−nuc + Eeln (RA). (2.7)
The total excitation energy relative to the ground state is thus a sum of electronic
and vibrational part:
∆Env = (Eeln + E
vib
nv )− Eel0 . (2.8)
The adiabatic approximation implies that ∆Evib ¿ ∆Eel.
A molecule is promoted to an excited state by energy transfer, for example by
absorption of a photon. This new energy state corresponds to electronic, vibra-
tional, rotational and translational degrees of freedom. The subsequent process of
returning to the ground state can occur via emission of a photon with lower en-
ergy (radiative transition) or can be radiationless (non-radiative transition). The
prevailing energy transitions, illustrated in the Jablonski diagram in Fig. 2.1, are
electronic in nature with energy spacing of a few eV (labelled as Sn or Tn). For
each electronic level, a manifold of vibrational sublevels exists, which are repre-
sented in Fig. 2.1 by thin horizontal lines. The energy spacing between these levels
is ∼ 0.1 eV. To each vibrational sublevel, a number of rotational and translational
molecular energies corresponds, with an energy difference between them of ∼ 0.01
eV [30].
Each electronic state in the Jablonski diagram corresponds to a bonding or anti-
bonding molecular orbital. A molecular orbital may be thought to originate from
the coalescence of occupied atomic orbitals and its filling is governed by the Pauli
exclusion principle. The orbitals associated with a carbon-carbon bond can be
either σ or π type. In a σ bond, the electrons are localized between the carbon
atoms, while the π-bond establishes delocalized electron density above and below
the atomic plane. There are also valence-shell electrons that do not participate in
formation of molecular bonds. Their molecular orbitals are designated as n. In
addition, each molecule has associated with it a series of higher energy molecular
orbitals that are unoccupied under ordinary conditions. These orbitals are called
anti-bonding orbitals, and are designated σ∗ and π∗.
Absorption of a photon can promote an electron from its σ, π, or n ground
state to a σ∗ or π∗ excited state. In the ground state, the last orbital of an
organic molecule is filled with two electrons with paired spins according to the
8
2.1 Absorption and relaxation of isolated molecules
Figure 2.1: Jablonski diagram of an organic molecule presenting energy levels and pho-
tophysical processes. The solid and dotted upward and downward lines
indicate the radiative processes, while the non-radiative transitions are de-
picted by dashed lines. All processes can be completed from one of the
other sublevels of the corresponding energy level, depicted by thin hori-
zontal lines. The variables k, kf , kp, kic, and kis are the absorption rate
constant, the radiative decay constants to the ground state for fluorescence
and phosphorescence, the non-radiative decay rate to the ground state, and
the intersystem crossing rate to the triplet state respectively (adapted from
[31]).
9
2 Photophysical properties of organic molecules in solid films
Pauli principle, i.e. forming a singlet. In the excited state, one of the electrons
is promoted to occupy a dissimilar orbital, therefore it is no longer required the
electron spins to be paired. The resulted singlet (Sn) or triplet (Tn, unpaired
spins) state has a net spin equal to 0 or 1, respectively.
In dependence on the type of absorption process (Fig. 2.1), (1) Singlet-singlet
absorption S0 −→ S1 or S0 −→ S2, allowed (2) Singlet-triplet absorption S0 −→
T1 or S0 −→ T2, forbidden, singlet or triplet excited states are formed. Higher
excited triplet states are also accessible from T1 via (3) Triplet-triplet absorption
T1 −→ T2, allowed.
Once in the excited state, the molecule tends to return to the ground state,
losing energy via radiative (r) or non-radiative (nr) processes. The corresponding
parameters describing the dynamic of these deactivation transitions are the life-
times (τr and τnr) and the rate constants (kr and knr), respectively. In general,
lifetime and rate constant are related as:
τ =
1
k
. (2.9)
Common radiative processes are: (4) Singlet-singlet emission or fluorescence
S1 −→ S0, allowed (5) Triplet-singlet emission or phosphorescence T1 −→ S0,
forbidden.
The nonradiative processes are defined as: (6) Internal conversion (IC) - tran-
sitions between states of the same multiplicity - S1 −→ S0, S2 −→ S1, or T2 −→
T1, allowed (7) Intersystem crossing (IS) - transitions between states of a different
multiplicity - S1 −→ T1 or T1 −→ S0, forbidden.
The terms "allowed" and "forbidden" refer to the spin-conservation rule. In
reality, S −→ T and T −→ S transitions may occur in the presence of an addi-
tional internal or external force, which facilitates the momentum intra exchange.
Thus, in principle forbidden transitions become weakly allowed. A typical ex-
ample is the spin-orbit coupling in organometallic complexes, such as PtOEP
(2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphineplatinum (II)) or Ir(ppy)3 (tris(2-
phenylpyridine) iridium (III)). The presence of heavy metals in the molecular
structure induces significant mixing of the singlet and triplet states near the metal
atom. Thereby, the triplet lifetime is reduced and the probability for intersystem
crossing increases, leading to enhanced efficiency of phosphorescence [30]. The
weakly allowed radiative T1 −→ S0 transitions are in general characterized by
very slow rates resulting in long excited state lifetimes. The typical values of the
rate constants, corresponding to various types radiative and non-radiative pro-
cesses are summarized in Table 2.1.
Additionally, an electron in an excited vibrational level of an electronic state
can lose its energy by vibrational relaxation (VR) to the vibrational ground state.
At room temperature, the ground state is predominantly populated, since thermal
equilibrium corresponds to a Boltzmann distribution over the vibrational levels.
In solution, VR is a very rapid process and the excess vibrational energy is con-
verted into heat through collisions with solvent molecules. In the solid state, the
vibrational energy of the molecule is lost to its neighbors via phonon modes of the
solid, with rate constant kv ≈ 1013 s−1.
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Process Rate constant
(s−1)
Absorption ∼ 1014
Fluorescence 106 - 109
Phosphorescence 10−2 - 106
Internal conversion 108
Intersystem crossing 106 - 1011
Table 2.1: Rate constants for radiative and non-radiative transitions [30].
An excited molecule can nonradiatively transfer its energy to a neighboring
molecule via dipole-dipole interactions or electron-exchange as well. They are also
known as Förster and Dexter transfer, respectively. Detailed discussion about the
energy-transfer processes will be presented further in this Chapter.
During the described above photophysical processes, the excited state energy
potential surface S1 is displaced respectively to the ground state S0 on the nu-
clear configuration coordinate with ∆R (Fig. 2.2). The vibrational sublevels of
the ground and excited states are depicted by dashed horizontal lines with corre-
sponding wave functions φ0v and φ1v, respectively. Every transition is character-
ized by a rate constant, whose value is defined by the Franck-Condon principle.
Accordingly, since the time required for an electronic transition is negligible com-
pared with that of nuclear motion, the most probable vibronic transition is one
which involves no change in the nuclear coordinates. This transition, referred to as
Franck-Condon maximum, represents a vertical transition on the potential energy
diagram.
In quantum-mechanical terms, the Franck-Condon maximum corresponds to
maximum overlap between the ground-state vibrational wave function φ0v and the
excited-state vibrational wave function φ1v, that is when the vibrational overlap
integral 〈φ0v | φ1v〉 is at a maximum. The squared absolute values of the overlap
integrals |〈φ0v | φ1v〉|2 are referred to as Franck-Condon factors [32]. They deter-
mine the intensity distribution in the vibronic progression. Therefore, absorption
from the vibrational ground state is strongest for that particular transition into a
vibrational level of the excited electronic state whose wave function maximum lies
directly over the maximum of the ground state potential diagram (Fig. 2.2). Thus,
absorption starts from the bottom of the S0 potential curve and ends at the S21
sublevel. Transitions to other vibrational terms are also possible but with reduced
probabilities. Via vibrational relaxation, the molecule relaxes at the minimum
of S1. The successive fluorescence is vertically accomplished at S20. Finally, the
molecule can relax to its lowest sublevel by further emission of phonons. The rate
of non-radiative phonon emission is much larger than the radiative transition rate,
hence, radiative transitions are most likely to occur from the lowest vibrational
level of an electronic state. This principle is known as Kasha’s rule.
The absorption of light by molecules in a homogeneous sample of thickness d is
11
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Figure 2.2: Schematic potential energy diagram of electronic ground S0 and excited S1
states. Dashed lines represent the vibrational energy sublevels, on top of
them are drawn the vibrational wave functions. E(FC)a and E(FC)f denote
Franck-Condon maximum in absorption and Franck-Condon maximum in
emission, respectively. The equilibrium distance is R0, and ∆R refers to the
nuclear displacement.
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governed by the Lambert-Beer law:
I = I0exp(−αd), (2.10)
where I0 is the intensity of the incident light and I the intensity transmitted by
the sample; α = α(ν) is an absorption coefficient, characteristic of the absorbing
medium and dependent on the wave number of the light. Setting α = 2.303εc,
where ε is the molar extinction coefficient and c is the concentration of the ab-
sorbing species, gives the absorbance or optical density OD of the sample:
OD = log(I0/I) = εcd. (2.11)
A transition between two electronic states of a molecule includes large number of
vibrational and rotational levels. These levels belong to the potential curves of
the initial and final states in the molecule and give rise to a frequency range ∆ν
for the transition. Therefore, the intensity of an electronic transition is measured
in terms of an integral over the whole absorption band:
A =
∫
ενdν. (2.12)
A is referred to as integral absorption coefficient and is related to the strength of
the transition or the transition intensity as:
f = 4.319× 10−9
∫
ενdν. (2.13)
The oscillator strength f represents the ratio of the observed integrated absorption
coefficient to that calculated classically for a single electron in a three-dimensional
harmonic potential well. The maximum value of f for a fully allowed transition is
of the order of unity [32]. For an electronic dipole transition between two states
n and m with dipole transition moment
µnm =
∫
ψmeRψndV, (2.14)
where ψm and ψn are the wave functions of the states, e the elementary charge,
R the distance between the centers of charge, and V the volume, the oscillator
strength is
f ∼ νnm|µnm|2, (2.15)
with νnm the wave number of the transition.
According to the Jablonski diagram, since intersystem crossing and internal
conversion compete with fluorescence for deactivation of the lowest excited singlet
state S1, not all potentially fluorescent molecules will return to the ground state
S0 via emission of a photon. The fraction of excited molecules that fluoresce is
called quantum yield of fluorescence (φf ) or fluorescence efficiency. In terms of
the rates of deactivation processes of S1, φf is defined as:
φf =
kf
kf + Σkd
, (2.16)
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where kf is the rate constant for fluorescence and Σkd is the sum of the rate
constants for deactivation of S1 by all competitive non-radiative processes, i.e.
Σkd = kic + kis. Under given conditions of temperature and environment, the
fluorescence efficiency is a physical constant of the excited molecular species.
The reciprocal of kf , τ0f = 1/kf , is referred as radiative lifetime of the lowest
excited singlet state. This is the time required for an initial population of excited
molecules to decrease to (1/e) of its original number, assuming that fluorescence
is the only deactivation process. The radiative lifetime can be related to the molar
extinction coefficient ε, and respectively to the oscillator strength of the electronic
transition f, as:
τ0f =
3.47× 108
ν2max
1∫
ε(ν)dν
≈ 1.5
ν2maxf
, (2.17)
where νmax is the wave number of the absorption maximum [32]. Since emission
shows the same dependence on the transition moment as absorption, it follows
that the emission decay time is inversely proportional to the integrated intensity
of the absorption. The radiative lifetime is nearly temperature independent, but
depends to some extend on the environment.
The reciprocal of kf + Σkd, τf , corresponds to the actual mean time the
molecules spend in the excited state. The quantum yield of fluorescence can be
thus expressed as:
φf =
τf
τ0f
. (2.18)
In general, the greater the number of processes competing with fluorescence for
deactivation of the lowest excited state and their rate constants is, the shorter will
be the actual lifetime of the lowest excited state.
2.2 Molecule complexes
2.2.1 Dimer
Upon increasing the molecule concentration in a dye solution, due to van der
Waals and Coulomb interactions, molecule aggregates can be formed. The small-
est complex of molecules is referred to as a dimer. A physical dimer comprises
two closely spaced molecules with purely physical interaction between them, no
chemical bonding is involved.
Perturbation theory can be treated in order to describe the weak interaction of
the molecules forming a dimer [31]. The dimer Hamiltonian can be written as a
sum of the Hamiltonians of the isolated molecules H1 and H2, and a term V12,
describing the intermolecular interaction energy:
H = H1 + H2 + V12. (2.19)
With ψ1 and ψ2, representing the ground-state wavefunctions of molecules 1 and
2, the ground-state dimer electronic wavefunction can be approximated as:
ψ = ψ1ψ2. (2.20)
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Figure 2.3: Exciton band splitting and energy shift for a dimer. Solid vertical lines
represent the two allowed dimer optical transitions (adapted from [31]).
Because of the intermolecular interaction, the total energy of the monomers
E1+E2 is lowered by the term W (see Fig. 2.3), denoting the Coulombic binding
energy for the pair, thus the ground-state energy of the dimer is:
E = E1 + E2 + W. (2.21)
The interaction W arises from the wavefunctions of the isolated molecules and the
intermolecular interaction energy V12:
W = 〈ψ1ψ2|V12|ψ1ψ2〉. (2.22)
Without interaction, two equivalent excited states ψ∗1 and ψ∗2 of two identical
molecules are degenerate with energy E∗1 = E∗2 . Switching on the perturbation
term V12 will lead to lifting of this degeneracy, and will end up in an energetic
lowering and splitting of the dimer states:
E∗± = E
∗
1 + E2 + W
∗ ± β, (2.23)
where
W ∗ = 〈ψ∗1ψ2|V12|ψ∗1ψ2〉; (2.24)
β = 〈ψ∗1ψ2|V12|ψ1ψ∗2〉. (2.25)
The term W ∗ describes the Coulomb interaction energy (an energy lowering)
between the states of the molecules. The exciton splitting term, β, represents
the interaction energy due to the exchange of excitation energy between the two
molecules. The corresponding dimer states are given as:
ψ± =
1√
2
(ψ∗1ψ2 ± ψ1ψ∗2). (2.26)
With dimer formation, the major spectral changes observed are: (i) a displace-
ment of absorption and emission bands relative to the monomer; all dimer maxima
lie at lower energy than the corresponding maxima of the monomer spectrum (ii)
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the nuclear displacement in the dimer is typically greater with respect to that of
the monomer, hence the Franck-Condon maximum of the dimer is represented by
the 0-1 transition, as compared to the 0-0 transition in the monomer (iii) changes
in the molecular vibrational frequencies and introduction of intermolecular lat-
tice modes; consequently the dimer spectrum is broader and less well defined as
compared to the monomer spectrum (iv) variation in the oscillator strength for
optical transitions; the luminescence intensity of the dimer is lower than that of
the parent monomer.
The selection rules for optically allowed transitions can be derived in a quasi-
classical vector picture of transition dipole moments. For the case of identical
molecules with coplanar, inclined transition dipoles, the exciton splitting term, β,
can be expressed as:
β =
|µ|2
R3
(1− 3 cos2 θ), (2.27)
where µ denotes the transition moments of the molecules, R the distance between
centers of the moments, and θ the angle between the direction of the moments
and R.
A dimer is called H-aggregate if the molecular transition dipoles are parallel
and θ > 54.74◦. For θ = 54.74◦, the dipole-dipole interaction vanishes, for smaller
angles the dimer is called J-aggregate. For the special case of H-aggregates, only
transitions to the higher energetic excited state are allowed, whereas in the case of
J-aggregates, only transitions to the lower energetic state are allowed. In contrast,
for dimer configurations with nonparallel dipole moments, both transitions are
optically allowed.
2.2.2 Excimer and Exciplex
In many cases, in solutions of increasing dye concentration, a decrease of the
fluorescent quantum yield is observed. Then, the solution features the optical
absorption characteristics of a monomer, but also shows a broad, structureless
fluorescence with particularly large Stokes shift. The phenomenon is called self-
or concentration quenching and is due to the generation of a molecular com-
plex, formed by the combination of a ground-state molecule with an excited state
molecule [32]:
M∗ + M −→ (MM)∗. (2.28)
Such a complex is called an excimer and refers to a dimer that exists only in
the excited state, the ground-state of the pair being dissociative. In contrast, in
the case of physical dimer, the molecules are fixed with respect to each other,
and a definite absorption and fluorescence band can be attributed to the dimer
association.
For the system M+M of two molecules, the ground state of the pair is supposed
to be dissociative, since, except for a small van der Waals attraction, all interac-
tions are purely repulsive. Thus, even the molecules are free to move, they do not
form a physical dimer. Stabilizing interactions are possible if one of the molecules
is promoted into the excited state and the highest occupied molecular orbital
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Figure 2.4: Schematic representation of the potential energy surfaces for monomer and
excimer as a function of the intermolecular separation R, and of the differ-
ence between monomer and excimer fluorescence (adapted from [32]).
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of the combined
system are only singly occupied. This gives rise to the relative minimum of the ex-
cimer 1(MM)∗ on the excited-state potential energy surface. The potential energy
surfaces of the ground state M+M and the excited state M∗+M are represented
schematically in Fig. 2.4. The excimer gains energy by reducing the molecular
separation to the equilibrium distance. As evident from the scheme, the excimer
fluorescence is to be expected at longer wavelengths than monomer fluorescence
and that the related emission band should be broad and generally without vibra-
tional structure, being a result of transition into the unbound ground state. Since
the concentration of the M∗ monomer is reduced by excimer formation, the emis-
sion intensity from free M∗ will be reduced. Hence, excimer formation represents
a form of emission quenching.
Excimer fluorescence also appears in crystals. Noteworthy examples are pyrene
and α-perylene. In these crystals, there are four molecules per unit cell, represent-
ing two physical dimer pairs. In pyrene, adjacent parallel molecules are closely
spaced. The interplanar distance between the pairs is 3.53 Å, which lies within the
range of an attractive excimer interaction. When the crystal is excited, the excimer
is easily formed. Thus the crystal fluorescence is that of the excimer in solution. In
β-perylene and in N,N ’-dimethylperylene-3,4,9,10-bis-dicarboximide (MePTCDI),
there are only two molecules per unit cell, so there are no physical dimers present.
Nevertheless, excimer-like fluorescence was observed for MePTCDI as well [33].
Layers with dye coverage much less than a monolayer show monomer-type emis-
sion, similar to that of dilute solution. With increasing molecular coverage, the
monomer fluorescence decreases and excimer-like emission appears and increases.
If a molecule complex is formed between electronically excited molecule M and
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dissimilar type of molecule Q in the ground state, the complex is called an exiplex.
In contrast to the excimer emission, the exiplex fluorescence is very sensitive to
the solvent polarity. The exciplex emission maxima and intensities depend on the
the reduction-oxidation properties of the participating molecules, suggesting that
an element of electron transfer is involved in the process of exciplex formation.
Detailed discussion of exciplex classification and properties can be found in [34].
2.3 Excitons in organic materials
The optical excitation in inorganic and organic semiconductors results in a mo-
bile, electrically neutral bound electron-hole pair referred to as an exciton. In
solids with strong intermolecular interactions, an exciton can be delocalized over
a number of molecules. Depending on the degree of delocalization, the excitons
are defined as Frenkel, Wannier-Mott (WM) and Charge-Transfer (CT)(Fig. 2.5).
Wannier-Mott excitons appear in weakly correlated, crystalline semiconductors
(e.g. Si, Ge, GaAs, etc.), in which the overlap between neighboring lattice atoms
reduces the Coulombic interaction between the electron and the hole participating
in the exciton. Hence, the electron-hole distance for this type of exciton should
be larger than the lattice constant: sometimes it is in the order of many lattice
constants (40 - 100 Å). The internal structure of the WM excitons can be repre-
sented by hydrogen-like wavefunctions. The medium between the electron and the
hole is treated as a dielectric continuum. The WM exciton is not found in organic
materials.
The Frenkel exciton corresponds to a correlated electron-hole pair localized on
a single molecule. Its radius is comparable to the size of the molecule, i.e. smaller
than 5 Å. The Frenkel exciton is considered a neutral particle that can diffuse
from site to site. The electric field of the moving exciton polarizes the molecular
surrounding and thus produces lattice vibration waves, the so-called phonons. The
latter process can also be described as forming a composite quasi-particle, being
a combination of an electron plus phonon field, referred to as polaron [30].
The CT exciton is an intermediate case between a Frenkel and a Wannier-
Mott state, being neither very extended nor tightly bound to a single molecule.
It is sometimes regarded as an unrelaxed polaron pair with both the positive
and negative polarons of the charge pair located on discrete and almost adjacent
molecules. Yet, this localized picture is only true for a molecular crystal with weak
intermolecular interactions and a small overlap between the neighboring orbitals,
i.e. each molecule forms a deep potential well in which the charges are confined.
For planar stacking molecules with significant overlap between the π systems
of neighboring molecules in the stack, the electronic states can no longer be con-
sidered as localized at a single lattice site. Hence, the exciton wave function
should be an extended state, with shape and symmetry which are dependent on
the crystalline and molecular structures. The CT charge pair becomes delocalized,
resulting in a crystalline pseudopotential smaller than the energy bandwidth. In
this case, the CT exciton can be represented by a hydrogen-like wave function
[35].
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Figure 2.5: Types of excitons in inorganic and organic crystalline semiconductors.
2.4 Energy transfer processes
The radiative and non-radiative processes are not restricted in the space around
the excited molecule. Independent of the weak van der Waals interaction between
the molecules in the organic film, the excitation energy can be effectively trans-
ported to distances substantially exceeding the size of the molecules. Such energy
transfer processes are particularly important for doped organic films. The incor-
poration of even a fraction of a percentage of dissimilar type of molecules during
film growth can change considerably the optical and electrical properties of the
layer.
The process of any transfer of energy from an excited molecule, donor (D), to
another molecule, energy acceptor (A), can be described by the following equation:
D∗ + A −→ D + A∗ (2.29)
As a consequence of this energy transfer, the acceptor is promoted to a higher
electronic state. If the donor and the acceptor are the same species, the term
"energy migration" is used.
There are number of different energy transfer processes to be distinguished:
1) Radiative energy transfer in which the donor emission is reabsorbed by the
acceptor:
D∗ −→ D + hν, hν + A −→ A∗ (2.30)
No direct interaction of the donor with the acceptor is involved. The process
requires that the emission spectrum of D and the absorption spectrum of A overlap.
Thus, the efficiency of the transfer is governed by the photoluminescence yield of
the donor molecules and the absorption ability of the acceptor, i.e. the extinction
coefficient εA.
2) Non-radiative energy transfer requires the presence of a specific interaction
between D and A. Two types of interaction are identified: the Coulombic interac-
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Figure 2.6: Scheme of Förster energy transfer mechanism [34].
tion, known as Förster energy transfer, and electron-exchange, referred as Dexter
energy transfer.
The interaction between D∗ and A can be described by the perturbation Hamil-
tonian, H’ [30]. The product of the wave functions of the donor and the acceptor
ψ(D∗)ψ(A) characterizes the starting state. Respectively, ψ(D)ψ(A∗) describes
the final state. The probability P for an energy transfer process due to weak
perturbation H’ is given by
P ∝ ρ〈ψ(D∗)ψ(A)|H ′|ψ(D)ψ(A∗)〉2, (2.31)
where ρ describes the density of the initial and final states which participate in
the interaction. For organic molecules with typically broad spectral features, ρ
can be estimated by calculating the overlap integral of donor luminescence and
acceptor absorption. The probability P is measured experimentally with the rate
constant KD−A. The perturbation Hamiltonian H’ comprises several terms, of
which the most important are the electrostatic (Coulomb) and electron-exchange
interactions.
2.4.1 Förster energy transfer
The Coulomb or Förster energy transfer involves a dipole-dipole coupling of the
transition dipole moments for excited donor (exciton) and the acceptor dye in
its ground state. As the excited donor relaxes, its energy is transferred via the
Coulomb interaction with the acceptor dye molecule (Fig. 2.6). A characteristic
of this energy transfer process is that the dipole-dipole interaction covers large
distances, thus efficient transfer is possible over distances up to 100 Å.
A measure for the efficiency of the process is the value of the rate of energy
transfer relative to the radiative relaxation of the donor molecule. A high rate of
the energy transfer relative to radiative relaxation will lead to emission exclusively
from the acceptor. For the rate of energy transfer between a donor and acceptor
molecules separated by distance r, Förster has derived the following quantitative
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expression in terms of experimentally obtainable parameters:
KD−A =
BφDJ
τDr6
=
(
1
τD
)(
R0
r6
)
, (2.32)
where φD is the fluorescence quantum yield of the donor in the absence of acceptor
and τD is the excited state lifetime of the donor. B is a constant which depends
on the donor refractive index n, Avogadro’s number NA and a factor kp, associated
with the relative orientation of the donor and acceptor dipoles:
B =
{9000(ln10)}k2p
128π5n4NA
. (2.33)
The orientation factor k2p has a value of 2/3 for random donor - acceptor orien-
tations. J is the overlap integral between the donor and acceptor over the whole
spectrum; J is defined as:
J(λ) =
∫
FD(λ)εA(λ)λ4dλ, (2.34)
where FD(λ) is the fluorescence spectrum of the donor, and εA (λ) is the molar
extinction coefficient spectrum of the acceptor molecules in dilute solution. The
integral J measures the degree of spectral overlap between the donor fluorescence
and acceptor absorption spectra. A high degree of overlap is favorable for high
rate of energy transfer.
Yet, it is difficult to determine the rate of energy transfer for randomly doped
systems, e.g. those used in OLEDs. The problem arises from the fact that the
dipole-dipole interaction and, hence, the energy transfer will have strong distance
dependence. A broad distribution of distances in a randomly doped sample will
lead to a broad distribution of rates [36]. Therefore, a more ordinary approach for
evaluation of Förster transfer is to determine the Förster radius R0. This is the
critical transfer distance at which the rate of energy transfer is equal to the decay
rate of the donor:
KD−A(at R0) =
1
τD
. (2.35)
A large Förster radius refers to efficient transfer process, competing very effec-
tively with unimolecular relaxation at distances shorter than R0. A short Förster
radius indicates very inefficient transfer process that requires short donor-acceptor
distances to be efficient.
In Förster energy transfer, the spin of both donor and acceptor is conserved.
Therefore, allowed transitions are
1D∗ + 1A −→ 1D + 1A∗ (2.36)
and
1D∗ + 3A(Tn) −→ 1D + 3A∗(Tm), (2.37)
where n>m≥1. The triplet-singlet transition
3D∗ + 1A −→ 1D + 1A∗ (2.38)
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Figure 2.7: Schematic presentation of Dexter energy transfer mechanism [34].
is forbidden. However, since 3D∗ has a long lifetime and KD−A can exceed the
3D∗ −→ 1D transition rate, it has been also observed [30]. This process is also
called sensitized fluorescence.
2.4.2 Electron-exchange energy transfer
The electron-exchange or Dexter transfer involves an electron transfer mechanism
in which the excited electron on D∗ transfers into the LUMO of A with a simulta-
neous transfer of an electron from the HOMO of A into the corresponding orbital
on D (Fig. 2.7). Thus, in contrast to the Förster transfer, the Dexter transfer
requires much closer contact between the excited donor and the acceptor allowing
for overlap of the electron orbitals involved. Dexter energy transfer does not have
a singlet requirement and can effectively act to transfer energy between triplet
states or between singlet and triplet states.
The transfer probability from the donor to the acceptor is expressed as:
PD−A =
2π
~
Z2J ′, (2.39)
where J’ is the overlap integral, however calculated with the normalized emission
spectrum of the donor and the normalized absorption spectrum of the acceptor.
Therefore, the rate of Dexter energy transfer is independent of the strength of
dipole-dipole interaction. The parameter Z is related to the separation between
donor and acceptor molecules R and the van der Waals radius L of the donor-
acceptor pair [32]:
Z2 ∝ exp(−2R/L), (2.40)
Thus, since Z2 respectively PD−A, are rapidly decreasing functions of the D-A
separation distance, Dexter transfer occurs only over a short distance, typically ∼
10 Å, and is effectively restricted to neighboring molecules.
In the Dexter transfer process, only the total spin of the D∗-A system is con-
served. Triplet-triplet energy transfer
3D∗ + 1A −→ 1D + 3A∗, (2.41)
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which is forbidden in the Förster approximation is now allowed.
2.5 Solvent effects in solid organic films
Solvents influence the absorption and emission spectra of many organic dyes
through their electrostatic properties [37]. The solvent interaction with the solute
molecules, referred to as "solvation effect", may be dipole-dipole, dipole-induced
dipole, induced-dipole induced-dipole, or hydrogen bonding in dependence on the
molecular structures of solvent and solute. The solvent-solute interactions lead to
an alteration of the energy difference between ground and excited states of the
solute molecule.
Theoretical modelling of the solvation effect is limited by the complexity of the
solvent-solute system, however qualitative treatments have established that the
polar solvent strongly affects the more polar state of the molecule.
Since molecular electronic transitions lead to redistribution of charge, the dipole
moment of the ground state µ0 and of the excited state µ1 will, generally, be dif-
ferent. Light absorption alters the electronic distribution of the solute so that
the electronic dipole moment of the electronically excited molecule is altered with
respect to that of the molecule in its ground state. Since the absorption process is
fast, it ends up with the excited molecule still surrounded by the ground electronic
state equilibrium solvent cage and in the ground electronic state equilibrium ge-
ometry, i.e. in a Franck-Condon state. If the solute molecule becomes more polar
in the excited state, i.e. µ1 > µ0 (Fig. 2.8a), there will be a greater electronic
stabilization of the electronically excited state, relative to the ground state by in-
teraction with the polar solvent. Assuming that the molecular geometry does not
change subsequently to excitation, the greater the polarity of the solvent, the lower
will be the energy of the electronically excited state. This type of behavior tends
to shift the absorption band to longer wavelengths with increasing solvent polarity.
If the electronic dipole moment is lower in the electronically excited state than
in the ground state (µ0 > µ1), increasing solvent polarity stabilizes the ground
state to a greater degree than the electronically excited state, and the absorption
spectrum tends to shift to higher energies with increasing solvent polarity (Fig.
2.8b).
When the position of emission bands in dependence on the solvent is considered,
one has to take into account the finite relaxation time τR for the rearrangement
of the solvent molecules surrounding the solute molecule in the Franck-Condon
excited state as well as the lifetime τe of the molecule in the excited state. Im-
mediately after excitation, the Franck-Condon solvent cage [38] and the molec-
ular geometry relax to conform to the new electronic distribution of the excited
molecule. Since nuclear motions are involved, solvent relaxation is nearly simul-
taneous with rotational and vibrational relaxation, i.e. about 10−13 - 10−11 s in
solvents of viscosity comparable to that of water at room temperature. In compar-
ison to the deactivation of the lowest excited singlet state, typically of the order of
10−8 s, solvent relaxation is usually fast. As a consequence, emission occurs from
the excited solute molecule in a thermally relaxed solvent cage configuration S1
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Figure 2.8: Schematic presentation of solvatochromism. (a) The dipole moment of the
Franck-Condon excited state µ1 is larger than those of its ground state µ0.
(b) The opposite holds (adapted from [37]).
that is lower in energy than the Franck-Condon excited state S’1 (Fig. 2.9). The
fluorescent transition ends up in the ground electronic state of the molecule S’0,
however due to the rapidity of the electronic transition, the molecule is still in the
solvent cage of the electronically excited state equilibrium. The latter is higher
in energy than the thermally equilibrated ground state. Then, rapid solvent and
geometrical relaxation occur and the solute molecule returns to the ground-state
equilibrium solvent cage and geometry S0. When the dipole moment of a fluores-
cent molecule is larger in the excited state than in the ground state (µ1 > µ0),
the relaxed excited state S1 will be energetically stabilized relative to the ground
state S0 and a significant red shift of the emission band will be observed. The
stronger the solute-solvent interaction, the larger the red shift of the fluorescence
band and the corresponding Stokes shift.
In the particular case of non-polar solute in a non-polar solvent, only dispersion
forces contribute to the spectral changes, causing a shift to longer wavelengths.
For aromatic compounds, its magnitude is found to be in linear correlation to the
solvent refractive index n via the function
(n2 − 1)/(2n2 + 1). (2.42)
Similarly to liquid solutions, a solvation effect was observed for dye molecules
doped in solid matrices. Bulovic et al. [39] have shown for DCM2 doped Alq3 and
zirconium 8-hydroxyquinoline (Zrq4) thin films that the luminescence peak shifts
to the red upon increasing DCM2 concentration (Fig. 2.10). The energy shift is
explained by a self-polarization effect of the dopant molecules due to dipole-dipole
interactions. As the highly polar DCM2 (µ0 = 11.3 D as referred in [39]) is dis-
persed in the relatively non-polar matrices at higher concentrations, the distance
between the neighboring DCM2 molecules decreases. Thereby the local electric
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Figure 2.9: Schematic representation of solvent change due to excitation or emission.
S’1 and S’0 are the Franck-Condon excited and ground states, respectively.
S1 and S0 are the corresponding equilibrium states; τR ¿ τe [38].
field increases. This field perturbation tends to shift the emission peak of DCM2
to the red. For DCM2 concentrations above 10 %, the position of the emission
maximum is independent of the host material (Fig. 2.10) as the local electric fields
are determined basically by the polar DCM2 molecules, while below 10 % doping
the local fields are determined by the host. Thus, the emission in Alq3 is shifted
to lower energies with respect to that in Zrq4 since Alq3 has the larger ground
state dipole moment (µ0(Alq3) = 5.5 D, while µ0(Zrq4) ∼ 0 D).
Likewise, when DCM2 is doped in the non-polar N,N’-dyphenyl -N,N’-bis(3-
methylphenyl)-1,1’-biphenyl-4,4’-diamine (TPD), the electroluminescence peak un-
dergoes a shift of ∆λmax = 75 nm for DCM2 concentrations from 0.9 to 11 %. As
in Zrq4, this large shift is due to the small TPD dipole moment of 1.5 D, associated
with its almost symmetric structure [30].
Another example of a self-polarization-induced solid-state solvation effect is the
observed luminescence shift of Alq3 when distributed in TPD [40]. Due to the small
dipole moment of Alq3 in the ground state, the increase of the Alq3 concentration
in the mixed Alq3/TPD films leads to shift of the luminescence peak from 498 nm
(1 % Alq3) to 522 nm (100 % Alq3).
The adjustment of the strength of dipole-dipole intermolecular interactions in
doped host-guest molecular organic thin film systems is proven to be an effective
method for tuning the emission spectrum of dipolar molecules.
25
2 Photophysical properties of organic molecules in solid films
Figure 2.10: Fluorescence peak position of DCM2 doped Alq3 and Zrq4 thin films as a
function of DCM2 concentration (from [39]).
2.6 Photostability
The lack of photostability, i.e. the photobleaching, is a dynamic, mostly irre-
versible process in which fluorescent dye molecules undergo photoinduced chemical
destruction upon absorption of light, thus losing their ability to fluoresce.
A measure for the efficiency of the photobleaching reaction is the quantum yield
of photobleaching, which by definition is the number of molecules that have been
photobleached, divided by the total number of photons absorbed during the same
time interval:
φb =
number of photobleached molecules
total number of absorbed photons
. (2.43)
The mean number of survived absorption cycles µ is equal to
µ =
1− φb
φb
≈ 1
φb
. (2.44)
There are multiple chemical reaction pathways for the alteration of a chro-
mophore. Some of them only change the fluorescent properties, whereas others
produce nonfluorescent species. The irreversible photobleaching reactions can be
divided into three categories: unimolecular reactions, multi-photon photolysis, and
bimolecular reactions ([41] and the references there). The fluorescent dye molecule
M may either be in the first excited electronic singlet state 1M1 or in the triplet
state 3M1. However, the bleaching mechanism may well vary from one class of
dyes to another.
The unimolecular reactions are important for vibronically excited as well as for
relaxed states (thermally activated reactions). They depend solely on the proper-
ties of the chromophore and the solvent environment. Unimolecular reactions are
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the rearrangement and isomerization reactions (e.g. cis-trans interconversions in
double-bonded systems like stylbenes) or photochemical fragmentation reactions
such as homo- and heterocyclic dissociation reactions producing radicals (X•, Y•),
or ions (M+e−).
The application of high irradiances might result in an increasing probability for
multi-photon absorption with high probability of a photobleaching reaction from
the excited electronic state. As an example, in single-molecule spectroscopy, such
processes occur when the irradiance exceeds 105 W/cm2. Thereby, subsequent
heterocyclic dissociation forming a radical ion pair (M+e−) is favored. Two-
quantum photoexcitation can be achieved by (i) two-step excitation as a result
of successive absorption of two photons via a real intermediate state (e.g. S1
or T1) or (ii) two-photon absorption as a result of a simultaneous absorption of
two photons via a virtual state. Especially in the UV, two-photon excitation can
produce highly lying excited molecular states close to or even above the ionization
threshold of 5 - 8 eV [42].
The bimolecular reactions cover the photoinduced reactions, proceeding via the
formation of an encounter complex [32]. In variable distances, all chemical reac-
tions can subsequently take place, such as energy transfer with follow-up reactions
(sensitized reactions), electron transfer, proton transfer, short-range electron ex-
change energy transfer, etc. The reaction partner may be a solvent molecule,
an added reactant (e.g. a quencher, a proton donor), an impurity, another dye
molecule, or molecular oxygen (O2). The latter is probably the most important
reactant at room temperature.
Oxygen has a triplet electronic ground state 3O2 with unpaired electrons and a
very low singlet excited state. In contrast, most stable organic dyes show singlet
spin multiplicity in the electronic ground state. Thus, the reaction of these com-
pounds with oxygen is generally slow without the presence of light. The formation
of singlet oxygen is represented by the following reaction:
3M∗ + 3O2 −→ 1M + 1O∗2, (2.45)
the oxygen quenching the triplet state of an organic molecule M. Afterwards, the
singlet oxygen can readily chemically react with other molecules in the singlet
state. The photodestruction reaction can take place (i) as a follow-up reaction
in the reaction complex with the dye molecule just quenched or (ii) due to the
long lifetime (3 - 7 µs) of singlet oxygen, as a reaction of a freely diffusing oxygen
with another singlet dye molecule. Hence, the diffusion constant and solubility of
oxygen in the host matrix are important factors in the efficiency of photooxidation
reactions. Table 2.2 presents examples for the latter properties of O2 in some hosts.
Upon photon absorption, bimolecular photobleaching reactions and two-photon
absorption compete with other molecular deactivation processes. Most of the
photobleaching reactions of electronically excited molecules take place in the long-
lived (vibronically relaxed) states, i.e. in the first excited singlet state S1 or in the
first excited triplet state T1. Compared to the singlet states with typical lifetimes
on the order of 1 to 20 ns, the triplet state is in particular prone to photobleaching
due to its long lifetime of several µs or longer.
27
2 Photophysical properties of organic molecules in solid films
Host Solubility/ Diffusivity of O2
concentration of O2 (cm−3) (cm2/s)
Air 6 x 1018 10−1
(pores in solid host)
Solvent 1.2 x 1018 ≈ 10−4 - 10−5
PMMA ≈ 10−18 10−8
SiO2 glass - ≈ 10−18 - 10−23
Table 2.2: Solubility and diffusivity of molecular oxygen in various hosts; data from
[43, 44].
Figure 2.11: Electronic energy diagram of a dye molecule with three electronic levels
regarding photobleaching from every excited electronic level [41].
The number of irreversibly photobleached molecules results in a decrease in
dye concentration, c(t), with time t. Assuming a quasi-unimolecular character of
the photobleaching reaction, an exponential dye concentration decrease should be
observed [41]:
c(t) = c0 exp(−kzt), (2.46)
where c0 is the initial (t = 0) concentration, and kz denotes the effective pseudo
first-order bleaching rate constant. Actually, such a dependence has been observed
for fluorescing dyes in liquid solutions. Figure 2.11 presents the electronic energy
diagram of a dye molecule with three electronic levels: ground singlet state, S0, first
excited state, S1, and lowest excited triplet state, T1. Photobleaching reactions are
assumed to be possible from all excited states with the microscopic rate constants
kbS and kbT respectively. As long as the fluorescence intensity depends linearly on
the excitation irradiance, the photophysical processes are limited to a three-level
system of the electronic states S0, S1 and T1. In that range, the corresponding
quantum yield of photobleaching φb is
φb =
kb
k0
, (2.47)
where kb = kbS + kbT kISC/kT represents the composite microscopic rate responsible
for the photobleaching in both singlet and triplet states and k0 is the deactivation
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rate of S1 (τ0 = 1/k0 - fluorescence lifetime of S1).
Studies on the optimization of organic-based systems as active media for solid-
state laser applications have established that some of the deactivation pathways
can be suppressed by incorporating the dyes in a solid host [45, 46, 47]. Or-
ganic dyes have been incorporated in various solid-state hosts such as polymers
(e.g. poly(methyl methacrilate)(PMMA), polyurethane acrylate, poly(vinyl alco-
hol etc.), porous glasses, sol-gel derived glasses (mostly inorganic silica glasses).
In general, the increased photostability in such solid hosts is due to (i) a lack
of translational freedom for the dye; intermolecular collisions deactivation is thus
avoided. Each molecule is trapped in his own cage (ii) initial impurities in the dye
are isolated and do not interfere by destructive (photo)processes (iii) photodecom-
position products do not migrate and thus cannot facilitate further decomposition
(iv) in particular for inorganic glass matrices, the dye molecule is totally isolated
from the surrounding gas or liquid; the solid cage reduces internal rotation modes
in the dye to a greater extent than the relatively flexible organic polymer molecules.
It has to be noted, however, that photobleaching decays of dye molecules in solid
matrices are generally difficult to predict. In addition to the variety of possible
degradation mechanisms, there is a large heterogeneity of molecular environments,
hence the assumption for first-order rate constant of photobleaching is rather in-
adequate [48]. Mostly, the experimental curves of fluorescence decay in time under
continuous irradiation can be analyzed by a multi-exponential function [47, 49]:
IF (t) ∼
∑
Ai exp(−t/τi), (2.48)
where IF (t) is the time-dependent fluorescence intensity, proportional to the elec-
tronic ground state population, Ai is the pre-exponential factor, interpreted as
proportional to the relative contribution of each rate constant, corresponding to
different photobleaching processes, and τi is the lifetime defined as the time nec-
essary for the emission to reach 1/e of its initial value.
Since many of the organic dyes react with oxygen, leading to their degradation,
an oxygen-free environment increases the photostability of the organic molecules.
Therefore, some of the techniques proposed for improving the photostability of the
dye molecules include increasing dye caging in order to prevent dye diffusion or
oxygen diffusion, controlling the chemical environment, covalently attaching the
dye to the host, removing the porosity of the host, or incorporation of additives
such as interceptors [43, 50]. The latter are molecules which preferentially react
with O2, or quench the excited state of O2.
A parameter which also influences the photostability is the temperature. Low-
ering the temperature results in drastic decrease of photobleaching (up to one
order of magnitude decrease of the photobleaching efficiency at 193 K compared
to that at 300 K [51]). Since the most photobleaching processes are chemical in na-
ture, they have to overcome an activation barrier. The immobilization of reactive
molecules, such as water, at low temperatures can also further lead to increased
photostability.
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2.7 Multi-component systems
The multi-component systems we refer here to are vacuum deposited thin films
comprising two or more materials. The latter can be either only organic or a
mixture of both organic and inorganic.
2.7.1 Organic guests in inorganic host materials (metal halogens,
metal oxides, etc.)
This group of multi-component systems was first introduced by Böttcher et al.
([25] and Refs. 4-7 presented there) and termed as "norganics". In general,
compared to the corresponding liquid solutions of the organic dyes, these sys-
tems show a broadening of the absorption bands. The PVD technique assures
low-order arrangement and thus enables the formation of various aggregate mod-
ifications, resulting in both blue and red shift and broadening with respect to the
absorption band of the monomer. The distribution of aggregates is defined by the
deposition conditions, substrate temperature, annealing processes, as well as by
the individual structure of the organic molecules.
The size of the molecular aggregates can be influenced by changing the volume
fraction of the inorganic material. Studies on the Merocyanine dye MC1 incorpo-
rated in the polycrystalline host NaF show that the dilution of the dye in the host
leads to a steady decrease in the size of the aggregates formed [24]. Structural
and morphological investigations of Cu-phtalocyanine (CuPc)/SiO2 VD films re-
veal that in films with dye fractions > 50 vol%, the dye microcrystallite sizes are
typically in the range 30 - 80 nm, while at smaller CuPc contents (< 25 vol%)
the organic molecules are almost completely isolated in the inorganic SiO2 matrix
[22]. As a general trend, with increasing size of the matrix crystallites, lower dye
contents are required in order to obtain mixed films with predominantly isolated
molecules. Such behavior is easy to understand, taking into account the possibility
for phase separation in the crystalline matrix.
For a strongly polar dye such as MC1, it is established that upon dilution in
various types of matrices, solvatochromic effects become active, and hence absorp-
tion shifts of up to 200 nm can be realized [25]. In the case of non-polar dyes, the
observed shifts in the absorption are only minor.
Similarly, the luminescence spectra are affected by the molecule distribution in
dimers and higher order aggregates and can be likewise interpreted by exciton
models (Fig. 2.12). As argued in Section 2.2, only luminescence of red-shifted
dimers and aggregates is allowed. Hypsochromic shifted excited states are mostly
thermally deactivated or transfer their energy to low lying emitting states. The
latter effects can be followed by comparison of the luminescence spectra recorded
upon various excitation wavelengths.
Additionally, due to the small separation between molecules in highly concen-
trated mixed samples, the excitation energy can migrate either by exciton diffusion
or by Förster energy transfer to luminescence traps. As such, surface or lattice de-
fects are considered. Steady-state and transient luminescence measurements have
proven that low-energy excitation states can also act as energy traps and thus can
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Figure 2.12: Fluorescence spectra of mixed perylene derivative MePTCDI-NaF layers
at various dye volume concentration. The total MePTCDI amount in the
solid layers is constant (from [21]).
explain the low luminescence efficiency of the dyes in the solid state [24]. For sev-
eral dyes in inorganic hosts, it has been shown that in the region between 10 to 50
vol% dye content, the PL quantum efficiency has a minimum, which is attributed
to both the presence of a high fraction of non-luminescent dye aggregates and a
disordered matrix structure [25, 52]. Dilution below 2 vol% results in predominant
monomer emission and enhanced PL efficiency, respectively.
For inorganic hosts with low gap energies, it is established that electron transfer
from the excited embedded dye is possible. This is supported by observation of
largely quenched luminescence from MC1 molecules in PbBr2 (Eg = 3.84 eV) and
PbI2 (Eg = 2.5 eV) matrices [24].
An additional effect, following from the modified absorption in the visible spec-
tral region, is alteration of the color coordinates of the mixed films. The magnitude
depends on dye concentration and matrix materials [23].
2.7.2 Organic molecules distributed in organic hosts (polymers or
small molecules)
Polymeric materials have shown promising properties as matrices for incorporation
of active organic molecules. Reported are results for application of molecularly
doped polymer thin films as active layers in OLEDs [53], plastic scintillator detec-
tors [54], microcavities [130], etc. As polymer matrices, polyimides are commonly
used, since the variety of existing monomers offers broad possibilities for obtaining
the desired matrix properties. Additionally, the vacuum deposition polymerization
(VDP) technique enables an easy incorporation of the dopant molecules within the
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polymer host. In general, the polymer matrix is optically inactive, due to the low
absorption in the visible spectral range. However, when the polyimide matrix
itself is fluorescent and there is sufficient spectral overlap with the absorption of
the dye molecules, a transfer of the exciting energy of the matrix to the guest
molecules can take place. For polyimide hosts, the thermal treatment procedure
could influence not only the properties of the matrix, e.g. thermal and mechanical
stability [53], but also the optical properties of the dopant molecules. For example,
the increase of curing temperature leads to preferential formation of H-dimers of
rhodamine B due to steric hindrance [54].
Selective doping of thin films of low molecular weight organic compounds with
guest organic molecules known for their high fluorescence quantum yield has
proven to be an effective approach for obtaining high luminescence efficiencies
[55, 56]. Additional effects achieved by doping are color tuning and white light
emission [36, 57]. For this purpose, laser dyes such as (dicyanomethylene)pyran
derivatives (e.g. DCJTB, DCM1, DCM2) [58, 59, 60, 61, 62], coumarines (e.g.
C540) [63, 64] or N,N-diethyl quinacridone (DEQ) are commonly used [65]. The
dye doping technique has been successfully applied to fabricate OLEDs whose col-
ors cover the entire visible spectrum, with good efficiencies and device lifetimes.
As organic hosts, mostly blue or green luminescent materials are employed, such
as the metal chelate Alq3 or its methylene derivative Almq3, the aromatic diamines
TPD, 4,4",4"-tris(1-naphtylphenylamino) triphenylamine (1-TNATA) and N,N’-
dyphenyl-N,N’-bis(1-naphthyl-phenyl)-1,1’-biphenyl-4,4’-diamine (NPB), etc.
Red emitting materials with planar molecular geometry are commonly used as
dopants. Dyes that emit at longer wavelengths, above 610 nm, are usually polar
such pyran-containing compounds, or non-polar but extensively π-conjugated [56].
Although some of them are highly luminescent in solution, such as DCM1, they
tend to aggregate in the solid state due to either attractive dipole-dipole interac-
tions or effective intermolecular π-stacking. Planar red emitters are thus prone to
concentration quenching and are only weakly emissive in the solid state.
Many studies are dedicated to the emission mechanism in organic doped sys-
tems. The process of energy transfer from the host to the dopant may involve
several different processes, including carrier trapping as well as Dexter or Förster
energy transfer. Even small numbers of guest molecules (from a fraction of a
percent to a few percent doping concentrations) are sufficient to change the lu-
minescence spectrum, often completely quenching the host emission. Low doping
ratio means a large average distance between the guest molecules, reducing exciton
quenching due to dopant-dopant interactions, and thus yielding high luminescence
efficiency. The lifetime and the efficiency of doped OLEDs are found to depend
strongly on the combination host/guest pair and the doping ratio.
For example, Förster transfer is an efficient process in Alq3 OLEDs doped with
2 % DCM2 leading to orange electroluminescence [64], while Dexter transfer in
6 % PtOEP/Alq3 OLEDs results in highly efficient red phosphorescence [30]. In
contrast, coumarin 6 improves the color saturation and the efficiency of green Alq3
OLEDs due to carrier trapping [64].
When more than one dopant is present in the organic thin film, an exciton can
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transfer its energy in a multistep process from the host to the first dopant, and
subsequently to a second dopant, etc. This process is known as cascade energy
transfer [162] and requires sufficient overlap of the luminescence and absorption of
the participating species at each step in the Förster transfer so that the integral in
Eq. (2.34) is non-vanishing. Also, the host exciton can transfer its energy to other
molecular species, lying in adjacent layers, resulting in interlayer energy transfer
[66]. Both these processes are used to tailor the luminescent properties of the
organic thin films.
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3 Materials and experiment
This Chapter contains a brief characterization of some of the basic organic dyes
studied in the thesis - MePTCDI, Alq3, and the 2,2-Difluoro-1,3,2-dioxaborine
derivatives GG142B, GG277, GG247 - as well as of SiO2 and polyimide as matrix
materials. Furthermore, we present a description of the experimental methods and
set-ups applied in this study.
3.1 Dyes to be embedded in matrices
The used perylene derivatives N,N ’-dimethylperylene-3,4,9,10-bis-dicarboximide
(MePTCDI) and 3,4,9,10 -perylenetetracarboxylic-dianhydride (PTCDA), as well
as tris(8-hydroxyquinoline) aluminium (Alq3) are trade products of Aldrich. 4-
dicyanomethylene-2-methyl-6-(p-dimethylaminostyril)-4H-pyran (DCM) is deliv-
ered by Radiant Dyes Chemie and 5,6,11,12- tetraphenyl - naphthacene (rubrene)
by Fluka, respectively. The 2,2-Difluoro-1,3,2-dioxaborines GG142B, GG274, and
GG277 are synthesized by Prof. H. Hartmann and co-workers at the IAPP, TU
Dresden. Purification of the compounds MePTCDI, PTCDA and Alq3 was car-
ried out by gradient sublimation in vacuum. All other dyes were used as received
without further purification. The chemical structures of the dyes are presented in
Fig. 3.1.
3.1.1 MePTCDI
MePTCDI, a model organic material in our study, belongs along with PTCDA to
the group of the perylene derivatives. Both MePTCDI and PTCDA molecules are
known to form quasi-one dimensional (quasi-1D) crystals [69]. In such a crystal
structure, the interactions along one lattice constant are significantly stronger than
along the other two. Hence, the crystal can be considered as a two-dimensional ar-
ray of one-dimensional stacks. The lattice constant along the stacks in MePTCDI
and PTCDA crystals is approximately 3.7 - 3.9 Å, and thus fairly shorter than
both the other lattice constants (>12 Å, see Fig. 3.2) and the dimensions of the
molecules (for example the N-N’-distance in MePTCDI equals 11.3 Å).
A characteristic property of the MePTCDI and PTCDA quasi-1D crystals is
their strong intermolecular overlap in the one-dimensional stacks. In MePTCDI,
the molecular planes have a distance of 3.40 Å [67]. That is, a nearest neighbor
pair within the stack has a sandwich-like geometry with the molecules shifted with
respect to each other within the molecular plane (cf. Fig. 3.3). However, about
50% of the conjugated electron system lies directly above each other [68], thus
leading to strong mutual overlap of the molecular wave functions. A direct result
of the strong intermolecular overlap is a large electronic bandwidth. Consequently,
such materials should develop qualitative similarities to covalent crystals.
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Figure 3.1: Chemical structures of (a) MePTCDI, (b) PTCDA, (c) Alq3, (d) GG142B,
(e) GG274, (f) GG277, (g) DCM, and (h) rubrene; full names in text.
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Figure 3.2: Crystal structure of MePTCDI. Shown are the projections of 2 x 2 unit cells
onto the b-c-plane (100), the a-b-plane (001), and onto the a-c-plane (010).
The crystal structure is monoclinic, space group P21/c, Z = 2 molecules per
unit cell, a = 3.874 Å, b = 15.580 Å, c = 14.597 Å, β = 97.65◦ (data from
[147]).
Because of its higher sublimation temperature (around 320◦C - 350◦C), MePTCDI
is easier to handle in high vacuum and is thermally more stable than other dyes,
which is very important for preparation of VD films with well reproducible pa-
rameters such as composition, structure, dye distribution in the matrix, etc.
In the framework of this thesis, we mainly studied MPTCDI thin films, grown
by PVD in high vacuum (HV) on glass substrates at room temperature (RT). The
thickness of the films varied between 10 and 200 nm. Atomic force microscopy
(AFM) and X-ray diffraction measurements on vacuum deposited MePTCDI and
PTCDA thin films (100 nm) on various substrates at RT have shown that the
films are polycristalline [69]. The average size of the polycrystallites within the
layers is estimated to be in the range of 20 - 100 nm.
3.1.2 Alq3
Since the fundamental work of Tang and Van Slyke [2], the interest in Alq3 is
persistent. It is a key OLED material, most often used as electron transport
and emitting layer [70, 71, 72]. In this regard, many studies were devoted to an
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Figure 3.3: MePTCDI pair within the 1D stack. The second molecule is displaced by
∆x = 0.94 Å, ∆y = 1.60 Å, ∆z = 3.40 Å (data from [67]).
understanding of the charge-transport mechanisms in Alq3 thin films and to an
improvement of the device performance [73, 74, 75]. Yet, systematic investigations
of the structural and optical properties of the material in the solid state, as well
as of the influence of the preparation conditions on these properties, were carried
out only recently [27, 76, 77].
Alq3 is a metal quinolinate based on 8-hydroxyquinoline [78]. The Alq3 molecule
consists of a central Al atom coordinated by three quinolate ligands (Fig. 3.1).
Every one of them binds to the metal site via oxygen and nitrogen atoms, thereby
giving pseudo-octahedral environment of the metal atom.
Theoretical calculations which have recently been proven experimentally [28,
29], established that Alq3 can exist in either of the two geometrical isomers: the
meridional (mer) or the facial (fac) isomer. They differ in the relative position
of the nitrogen and the oxygen atoms of the metal coordination shell. A more
detailed description of the isomers will be presented in Chapter 4.
Investigations of crystalline Alq3 powders have shown that Alq3 has three poly-
morphs - α-Alq3, β-Alq3 (Fig. 3.4), and the high-temperature γ-Alq3. Brinkmann
et al. [27] gave a detailed structural characterization of these three phases, investi-
gating the correlation between the molecular packing and the optical properties of
Alq3 in various systems. The structures of both α- and β-Alq3 phases have triclinic
symmetry with a unit cell containing four molecules with meridional structure.
They are characterized by different molecular densities, the α-phase having less
density. Both phases emit yellowish-green light, with a peak positioned around 500
nm. X-ray diffraction analysis have shown the existence of close contacts between
pairs of quinolate ligands belonging to neighboring Alq3 molecules, the interligand
spacing being in the range 3.5 - 3.9 Å. However, the β-phase exhibits stronger over-
lap of the π-electron systems (distance between adjacent ligands of 3.5 Å) and is
the one showing red-shifted fluorescence with respect to the α-phase. Despite the
short distances between the quinolane ligands of adjacent Alq3 molecules, neither
excimer nor dimer emissions were observed in the crystalline phases of Alq3. In
fact, a study of the absorption and emission spectra in solvated and condensed
phase systems shows that the spectra are largely independent of the molecular
environment and the emissive states are localized on individual molecular sites
[79, 80]. Theoretical investigations support the localized nature of the orbitals
involved in the lowest energy electronic transition [152].
Lately, experimental findings demonstrated the existence of a δ-phase, contain-
ing facial-Alq3 molecules [81, 82]. Brütting et al. managed to produce blue-
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Figure 3.4: Crystal packing of (a) the Alq3 α-phase (down (3-11)) and (b) the Alq3
β-phase (down (121)) showing the short π-π contacts between neighboring
molecules, along with the relative shifts of the stacked π-π aromatic rings
(from [27]).
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Figure 3.5: Chemical structure of (a) ABMBF and (b) DBMBF.
luminescent Alq3 by simply annealing α-Alq3 powder in HV at temperatures be-
tween 380◦C and 400◦C [83]. Isomer conversion was later confirmed for another
metal quinolinate, namely tris(8-hydroxyquinoline)gallium(III) (GaQ3) [84].
Alq3 sublimes in high vacuum at temperatures around 180◦C - 220◦C to pro-
duce stable and smooth thin films. Concerning the morphology of the sublimed
Alq3 films, there are ambiguous reports in literature. In [2, 85], a microcrystalline
structure with average grain size of about 500 Å is established. In contrast, for
example in [27], results are presented which show that the Alq3 films are charac-
terized by an amorphous-like structure, comprising a mixture of the two geometri-
cal isomers. The structure represents disordered media, without any well-defined
molecular organization, yielding inhomogeneously broadened spectra. The amor-
phous character is favored by the intrinsic polymorphism of Alq3, fluctuations in
the isomers concentration during the evaporation process, as well as strong dipolar
interactions between the Alq3 molecules.
Thin Alq3 films have an absorption maximum at 390 - 400 nm and emit light
upon excitation with a maximum at about 517 - 530 nm. In the present thesis, in
some of the investigations Alq3 is used as optically active matrix material, doped
with the highly luminescent dyes DCM and rubrene. Both dopants are chosen
with respect to their energy level alignment toward Alq3, which is favorable for
resonant energy transfer from the host to take place.
3.1.3 2,2-Difluoro-1,3,2-dioxaborine derivatives
GG277 and GG142B are derivatives of 4-methyl-6-phenyl-2,2-difluoro-1,3,2- dioxa-
borine (acetylbenzoylmethanatoboron difluoride, ABMBF) and 4,6-diphenyl-2,2-
difluoro-1,3,2-dioxaborine (dibenzoylmethanatoboron difluoride, DBMBF) (Fig.
3.5), respectively, substituted in para position on the phenyl ring. The initial
compound ABMBF absorbs at 330 nm in cyclohexane solution and at 354 nm
in the solid state [86]. At room temperature, it does not fluoresce in solution.
When the temperature of the medium is decreased, the molecule shows a well-
structured absorption spectrum and a strong fluorescence emission. On the other
hand, DBMBF fluoresces only weak in non-polar solvents, but somewhat stronger
in polar solvents (φPL = 0.046 in cyclohexane vs. φPL = 0.10 in acetonytrile)[86].
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Figure 3.6: Packing diagram projected on the a-b-plane for GG277 (from [87]).
The molecules ABMBF and GG277 are found to be planar in their crystal
structure [87]. In addition, they lie in parallel planes. In GG277, the separation
distance is 3.536 Å. The molecular packing is such that the molecules are stacked,
each molecule being in a different plane. For both compounds, the molecules are
linked by a symmetry center. The closest two molecules lying in parallel planes are
oriented in opposite directions, the benzenic part (A) of one molecule lying above
the boron-containing heterocyclic part (B) of the other molecule, and reciprocally
(Fig. 3.6).
The two molecules in parallel planes are shifted with respect to each other.
The C(6) carbon atom of the benzenic part of the first molecule projects itself
in the center of the boron-containing heterocycle of the second molecule, while
the C(2) carbon atom of the heterocycle of the first molecule projects itself in
the center of the benzene ring of the second molecule. In the monoclinic crystal
of GG277, the distance between the C(6) carbon atom of one molecule and the
nearest fluorine atom of a second molecule is 3.325 Å [87]. The stacking of both
molecules constitutes of piles of infinite chains as follows:
A...B...A...B...A...B
| | | | | |
B...A...B...A...B...A,
oriented parallel to the b axis. Additionally, the monoclinic compound GG277
contains two molecules in the elementary cell.
The molecules DBMBF and GG142B show similar crystal structure [88]. In
the crystal, the GG142B molecules are arranged in layers, comprising parallel
molecules. In the out-of-plane direction, the layers are separated by 3.52 Å. The
nearest molecules of adjacent layers lie antiparallel to one another and overlap in
such a way that the diketonate ring of one molecule is located above the phenyl
ring of another molecule and vise versa (Fig. 3.7). The overlapping molecules are
arranged in a staircase fashion; the degree of overlap is 27 % of the surface area
of the phenyl ring.
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Figure 3.7: Molecular packing of GG142B in the crystal; shown is the way the molecules
overlap (adapted from [88]).
The GG274 dye represents another class of derivatives of ABMBF. In this
molecule, alkyl groups close the bridge between the 5th position of the hetero-
cycle and the 2nd position of the aryl moiety by formation of a sixring (see Fig.
3.5a). The bridge fixes the phenyl ring in the π-plane, although this is slightly
disturbed by the formation of the sixring since the sp3-C-atoms of the ring strive
for ideal bond angles [89]. Thus, the GG274 molecule has nearly planar config-
uration. Blocking of the phenyl ring results in strongly fluorescent molecules in
both slightly polar and non-polar solvents [90, 91].
3.2 Sample preparation
3.2.1 Vacuum unit
All samples were prepared by evaporation of dye and matrix in oil-free HV and
their condensation on the substrates. For all experiments, the substrates were
kept at RT. The base pressure in the deposition chamber was less than 5 x 10−6
mbar during deposition. The evaporation chamber is equipped with an electron
gun and three thermal sources, which enable the incorporation of several dyes
simultaneously in the matrix and allow various opportunities for design of the
deposited films. The deposition rates and final film thickness as a measure of the
dye concentration in the investigated dye/SiO2, dye/PI or dye/dye systems are
monitored by quartz oscillators.
For evaporation of SiO2, the density was set to 2.6 g/cm3, while for the or-
ganic materials, it was set to 1.6 g/cm3. The latter value was chosen with re-
spect to the results of Hoffmann [69], who determined 1.62 g/cm3 for evaporated
MePTCDI films. With the quartz oscillators and shutters, the deposition rate, the
distribution and the deposited amount of each material can be easily controlled
independently.
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3.2.2 Substrates
As substrates, for most of the experiments we used adhesion glass micro slides with
thickness 1 mm, a trade product of Superior. In some specific cases, however,
samples were prepared on KBr pellets (for IR spectrometry) or Si-wafers (for
scanning electron microscopy).
The substrates were cleaned in two steps. First, they were treated in Extran
MA 01 solution (Merck KGaA) at 40◦C, combined with ultrasound at 35 kHz for
15 minutes. Second, substrates were washed in deionized water (14MΩ) in 35 kHz
ultrasound for 15 minutes. After that, they were dried at 105◦C for 60 minutes in
air.
3.2.3 Deposition of the SiO2 matrix
The SiO2 used is a trade product of Prof. Feierabend GmbH and was employed
as received. The purity of the material according to the manufacturer is 99.997
%. Because of the high temperature melting point of SiO2, the matrix was grown
using an electron beam. An important advantage of this method is the feasibility
to obtain high deposition rates (0.1 - 20 Å/s) on a large area. Thereby, it is
possible to prepare thick films in reasonable time. The energy deposited within
the layer is a function of the energy of the impinging ions and their flux density.
In this process, the purity of the deposited material is determined by the purity
of the target material. However, it has to be noted that an additional process
accompanying the film growth - the secondary electron radiation - could influence
the structure of the organic substances and thus the properties of the obtained
layers. In the case of mixed dye/SiO2 films, the matrix is obtained at evaporation
rates in the range 0.2 - 10 Å/s.
SiO2 is stable against e-beam evaporation and the grown films are quite homo-
geneous. Structure investigations of vacuum deposited SiO2 films show that they
are amorphous [92], which should favor the isotropic distribution of the embedded
dyes. In Chapter 4, we present concise comments on the structure of the studied
neat SiO2 films. Thin SiO2 films show only slight absorption in the visible spectral
region, which is a prerequisite for an optically inactive matrix.
3.2.4 Deposition of the PI matrix
The PI matrix was prepared by the so-called vacuum deposition polymerization
[109, 130, 131, 135, 138]. The initial monomers pyromellitic dianhydride (PMDA)
and oxydianilline (ODA), trade products of Fluka, were thermally co-deposited in
HV. Typical evaporation temperatures were 140◦C for ODA and 160◦C - 180◦C for
PMDA, used in order to achieve deposition rates of 1 Å/s for each precursor. Thus,
the optimal ratio in the flux of 1:1 for the ODA:PMDA vapors was ensured [26].
Upon condensation on a substrate, the monomers ODA and PMDA polymerize to
form the polyamic acid. After deposition, the films undergo subsequent thermal
treatment in order to accelerate the polycondensation solid state reaction between
the monomers and to convert the polyamic acid to PI, according to the reaction
scheme in Fig. 3.8.
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Figure 3.8: Reaction scheme of the chemical process leading to the formation of PMDA-
ODA polyimide [94].
Thermal treatment was carried out in ambient air in a laboratory drying oven
(Series 7000 Function line Heating and Drying Oven by Kendro). It allows tem-
pering up to 250◦C. The neat matrix and the mixed dye/matrix films were cured
at carefully controlled temperatures and time intervals depending on the experi-
mental goals.
Scanning electron microscopy (SEM) of cured VD films with ODA:PMDA ratio
1:1 show that the surface of the films is smooth, without clear crystalline structure
and structural defects [26]. AFM investigations confirm that the surface roughness
of vapor deposited PI films is smaller than that of films produced by wet methods
[93]. In Chapter 4, we present some additional results from Fourier transform
infrared spectroscopy (FTIR) measurements, giving details about the quality of
the obtained PI films.
3.2.5 Deposition of the "guest" dyes
Dyes were thermally evaporated from quartz crucibles. The rate of heating, the
evaporation temperature, as well as the stability of the temperature were controlled
by Eurotherm Controls Inc units (94 Temperature Controller, 2216E Temperature
Controller with Digital Communication).
The evaporation rate was chosen in dependence on the goal of the experiment
and was commonly between 0.02 and 2 Å/s. The concentration of the dyes in the
prepared layers was varied in the range 0.2 - 100 vol%, according to the experiment
as well. For MePTCDI, this corresponds to 8 x 10−3 - 4 x 100 mol/l. In the case of
doped Alq3 films, the concentration of the guest (DCM, rubrene) was controlled
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by adjusting the rate of deposition for the dopant with respect to that of the Alq3
host.
3.2.6 Preparation approaches
Generally, the reported studies on VD organic solid solutions are restricted to
thin films prepared by simultaneous condensation of matrix and guest dye on a
substrate in a static state. In contrast, for most of our experiments, the glass
substrate was mounted on a rotating substrate holder during sample preparation.
Thus, in addition to the classical method, we were able to apply two different
sample preparation approaches.
For the first one - co-evaporation on rotating substrate - dye and matrix particles
condense at the same time on a substrate in dynamical state.
The second one includes additional disk, situated under the one on which the
substrate is attached. This additional disk has apertures, which can be varied from
180◦ to 18◦ and thus allow (i) to decrease the evaporation rate from two to twenty
times and (ii) to separate the condensation of dye and matrix particles. For this,
the substrate holder rotates in such a manner that for a part of the rotation period,
the substrate sees only the dye crucible and for another part, for example, the e-
gun for the SiO2. The film obtained is built up of many very thin sublayers of guest
and host material. Moreover, by variation of the initial deposition rate, we are able
to control the thickness of each dye or matrix sublayer, i.e. the distance between
the single molecules. We will denote the separate condensation of matrix and dye
on rotating substrate as "layer-by-layer" film growth. A scheme of the evaporation
geometry is given in Fig. 3.9b. An evaporation source to substrate distance of
about 30 cm assures good film homogeneity. The films deposited on substrates
in dynamical mode are uniform in thickness and have low surface roughness [95].
In Chapter 4, we compare the optical properties of samples prepared using layer-
by-layer film growth with samples at the same dye concentration obtained by
co-evaporation on rotating substrate and by the classical condensation on static
substrate (Fig. 3.9a).
3.2.7 Liquid solutions
For preparation of the liquid solutions, usually dimethyl sulfoxid (DMSO), chlo-
roform, chlorobenzene, or dimethylformamid (DMF) as solvents were used. Dyes
were dissolved at concentrations in the range 10−4 - 10−5 mol/l. Yet, in the case
of MePTCDI, which is known to have poor solubility, it was rather demanding to
obtain solutions at a defined concentration. It was necessary to wait for 6 - 24
hours, and in order to increase the efficiency of dilution, to resort to ultrasound
and heating. To avoid thermal destruction, heating was carried out at up to 40◦C
under continuous stirring.
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Figure 3.9: Scheme of the evaporation geometry. (a) Co-deposition on static substrate.
(b) Layer-by-layer condensation on rotating substrate.
3.3 Methods and measuring apparatus
3.3.1 Optical characterization of the films
Absorption spectroscopy. Reflectance (R) and transmittance (T ) of the sam-
ples were recorded using a commercial two-beam spectrophotometer UV-3101 PC
(Shimadzu). It is equipped with a compartment for reflectance measurements,
operating in the spectral region 190 - 3200 nm.
Transmittance and reflectance were measured in a collimated beam at normal
or quasi-normal incidence (R under 5◦ angle) in the range from 290 to 1500 nm.
The spectral resolution for the transmittance spectra was 2 nm, while reflectance
was measured with 8 - 12 nm spectral resolution. Using both T and R, one can
further define the Absorption (A) from the energy conservation law:
A = 1− T −R (3.1)
In some graphs, as a measure for the absorption of the studied samples, we present
the spectral dependence of the optical density OD. Substrate substraction is car-
ried out beforehand.
We have to note that most of the investigated dye/matrix thin films were 1000
Å thick. At this thickness and particularly at the high dilution range, the optical
density of the samples is too low to be measured directly. Therefore, conclusions
about absorption are drawn on the basis of the corresponding luminescence exci-
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tation spectra, which can be recorded even at low intensity. It is then assumed
that the results from absorption and excitation measurements are equivalent, i.e.
luminescence spectrum and quantum yield are independent of excitation wave-
length.
Evaluation of the optical constants using Film Wizardr. The software
program Film Wizard (Scientific Computing International) was applied for correc-
tion of the experimental film thickness d of the samples, and in the case of thick
(≥ 6000 Å) MePTCDI/SiO2 films additionally for determination of the optical
constants. In order to define d and the real and imaginary part of the index of
refraction, n and k, in the spectral region where the studied dyes do not absorb
(800 - 1500 nm), the measured transmittance and reflectance spectra were fitted
using the Cauchy approximation
n(λ) = An +
Bn
λ2
+
Cn
λ4
(3.2)
k(λ) = Ak +
Bk
λ2
+
Ck
λ4
. (3.3)
In these equations, A, B and C are the model constants and λ is the wavelength.
For transparent or only weakly absorbing materials Ak, Bk, and Ck are assumed
to be 0. Accordingly to the fitted data, the experimental and real thickness of
the studied samples differ on the average by 15 to 20 %; the experimental d was
corrected by this factor.
In the absorption region, we modeled the optical constants of the mixed MePTCDI/
SiO2 layers using the Effective Medium Approximation (EMA). The EMA theory
was first introduced by Maxwell Garnett in 1904-6 [96], who considered a discon-
tinuous metal film as a dispersion of small spheres embedded in ambient medium
with dielectric function εh. The distribution in space of the particles is assumed
random, i.e. the medium is isotropic, and the density is characterized by factor
f giving the fractional volume occupied by the metal. When an external electric
field is applied, the spheres will be polarized by the field and will thus generate an
additional field. By means of the Clausius-Mosotti equation which incorporates
the contribution of the additional field to the total polarization P, the effective
dielectric function ε of the metal film can be related to the dielectric function of
the bulk material and to the volume fraction of the material f by
ε− εh
ε + Y εh
=
∑
fj
εj − εh
εj + Y εh
(3.4)
Y =
1
q
− 1
The shape factor q introduced in the parameter Y allows a wide range of pos-
sible particle shapes, e.g. shape factor of 0 represents a flat disk, and q of 0.5
represents a columnar microstructure. The self-consistent EMA (εh = ε), referred
to as Bruggeman model, describes accurately the optical properties of composite
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materials of random or aggregated microstructure. In this case, the participating
materials are treated as embedded in the effective medium and thus play equiva-
lent roles. The EMA equation reduces to:
∑
fj
εj − ε
εj + Y ε
= 0, (3.5)
where ε is the effective dielectric function of the total system.
Accordingly, the MePTCDI/SiO2 layers were modelled as a mixture of Cauchy
host (SiO2) and organic material (MePTCDI). In the region where the dye is
absorbing (only the spectral range 400 - 800 nm was considered), it can be mod-
eled with several Lorentz oscillators peaks added to the Cauchy expression. In
the Lorentz oscillator model (LOM), the real and imaginary part of the complex
dielectric function ε = ε1 + iε2 are given by
ε1(ω) = ε1∞ +
∑
j
Fj(ω2 − ω2j )
(ω2 − ω2j )2 + (ωΓj)2
(3.6)
ε2(ω) =
∑
j
FjωΓj
(ω2 − ω2j )2 + (ωΓj)2
, (3.7)
where j denotes a transition with frequency ωj and lifetime 1/Γj , Fj = fjω2j is
a parameter associated with the oscillator strength fj , and ε1∞ is the dielectric
constant arising from higher-lying transitions [97].
We have to remark here that the spectral response depends strongly on the
molecular packing. Hence, in dependence on dye concentration, the embedded or-
ganic molecules can show either monomer or collective response as molecular com-
plex. Increasing the dye content will lead to a variation in the oscillator strength
of the transitions, and accordingly in a different contribution of the individual
oscillators to the dielectric function. That is, at low concentrations, application of
the EMA model using directly the optical constants of polycristalline MePTCDI
by only changing the volume fraction is inconsistent.
Absorption spectroscopy studies on vacuum deposited DCM films indicate that
the grown films differ in structure, however, not only in dependence on the fi-
nal film thickness. Though keeping a constant thickness, very slight changes in
the growing conditions lead to films with different microstructure. In the grown
film, even without the help of an optical microscope, we were able to distinguish
between regions with amorphous and obviously crystalline structure. Thus, for
correct determination of DCM optical constants, it was necessary to carry out
thorough investigations of DCM film growth, taking into account all possible fac-
tors influencing the final film structure and analyzing the precise crystallographic
composition. On the other hand, as composite layers of Alq3 doped with DCM
molecules were our main interest, it was rather difficult to predict what kind of
structures DCM would form when growing together with Alq3. Since relatively
low doping DCM levels were investigated, the experimental T and R spectra of the
doped at around 2 vol% DCM concentration films were compared with calculated
spectra for neat host film at equal thickness (n and k of Alq3 are defined via an
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algorithm developed by T. Fritz, IAPP - TU Dresden, [98] and implemented in a
computer program). In the spectral region 300 - 430 nm, the maximal difference
between calculated and measured spectra is around 1.5 %. That is, in this region
the doped films can be sufficiently described by the optical constants of the host
Alq3.
Luminescence spectroscopy. Steady-state photoluminescence excitation and
emission spectra were recorded at RT with a luminescence spectrometer Fluoro-
Max (Spex). The device has separated Czerny - Turner monochromators in ex-
citation and emission positions. In each monochromator, light is dispersed by a
grating. The excitation source is 150 W Xenon Lamp. Light leaving the emission
monochromator is detected by a photomultiplier (R928P Hamamatsu), operating
in photon-counting mode.
The spectra of the VD films were recorded using front-surface optical arrange-
ment [99]. The samples are irradiated at normal incidence and the resulting lumi-
nescence is detected under an angle of 22.5◦.
The luminescence spectra of the liquid dye solutions, placed in quartz cuvettes
(10 mm path length) were obtained using the 90◦ optical configuration. In this
configuration, the samples are excited at normal incidence, the luminescence prop-
agates in all directions and only the portion of the emitted at right-angles to the
incident beam is collected from the detector.
All measurements were carried out with a spectral resolution of about 4 nm.
A suitable edge filter was used for suppression of stray-light effects. The col-
lected data were corrected for the lamp spectral emission and for the detector and
monochromator spectral efficiencies.
3.3.2 SEM, AFM and FTIR spectroscopy
The surface morphology of the studied films was investigated by SEM and AFM.
The SEM micrographs were taken using an X-ray microanalytical system Philips
SEM 505 EDA 9100/MicrospecWDX2A. The investigations were carried out in
the Central Laboratory of Photographic Processes at the Bulgarian Academy of
Sciences, Sofia.
AFM images were recorded at the IAPP - TU Dresden, with a NanoScope IIIa
(Digital Instruments) in tapping-mode. Analysis of the images was done using
WSxM Scanning Probe Microscopy software, http://www.nanotec.es.
FTIR spectroscopy was applied for the characterization of the neat PI films.
The measurements were carried out in the University of Chemical Technology
and Metallurgy, Sofia. The FTIR spectra were recorded on a Perkin-Elmer 1600
spectrometer in transmission mode in the range 2000 - 650 cm−1, with a resolution
of 4 cm−1.
49
3 Materials and experiment
C
Figure 3.10: Scheme of the experimental set-up for measurement of the PL quantum
efficiency.
3.3.3 Measurements of the photoluminescence quantum yield
Measurements of the PL quantum yield of the studied films were carried out
following the procedure described in [65, 100]. Since the angular distribution of
the luminescence is sensitive to the refractive index of the material and to the
orientation of the emitting dipoles within the film, the usual approach is to collect
the emitted light over the whole solid angle using an integrating sphere. A scheme
of the experimental set-up is presented in Fig. 3.10. Accordingly, the procedure
includes three steps. In the first one, the integrating sphere is empty; the laser
beam is directed toward the sphere wall, the light is then scattered by its surface
and the resulting signal is measured at the sphere exit port. Second, the sample is
placed in the sphere, the laser being directed to the sphere surface in such a way,
that the sample is excited only by scattered, but not by direct laser light and the
corresponding PL signal is measured. Third, the laser light passes through the
sample and the luminescence, scattered within the integrating sphere and leaving
the exit port, is measured. In the latter two steps, a cut-off filter for the laser
wavelength precedes the detector. Thus, the external PL efficiency is determined
from:
φPL = y−1
Xsamp − (R + T )Xsph
(1−R− T )Xlaser . (3.8)
Xlaser corresponds to the signal of the laser itself; Xsamp denotes the emitted from
the sample light when the laser irradiates directly the sample; Xsph is the PL
intensity measured when the sample is diffusely irradiated from the laser light,
impinging on the sphere walls. T and R denote the transmittance and reflectance
50
3.3 Methods and measuring apparatus
of the sample. All these signals are normalized to the spectral response of the
experimental set-up via the term y, taking into account the spectral response of
the integrating sphere, the efficiency of the photodiode over the near-UV-visible
spectrum and the transmission spectrum of the cut-off filter [100].
In the experiments carried out, we used a cw - HeCd laser (325 or 442 nm) for
excitation. Typical laser powers were in the range 0.12 - 12 mW, with a beam
diameter at the sample of approximately 1 mm. The reflectance and transmittance
of the investigated samples at the excitation wavelength were measured at near
normal incidence. The luminescent light from the sample was scattered within
an integrating sphere RTC-060-SF (Labsphere) with 6 inch diameter. The sphere
has 3 baffles, situated above the exit port in such a way that the PL light could
not be seen directly from the detector. The PL signal was detected at the exit
port of the sphere by Newport Power Meter 1815-C with measure head 818-UV.
The cut-off wavelength of the filter was chosen 360 or 495 nm in order only the
luminescence signal to be transmitted to the detector.
The measurements were carried out in air, but the values of the PL signal
were recorded after 5 to 10 s of excitation in order to reduce the influence of the
luminescence degradation.
3.3.4 Photobleaching measurements
The photobleaching of the mixed layers was studied upon continuous laser irra-
diation. In dependence on the optical absorption of the samples, we used the
following cw-lasers: HeCd with lines at 442 (Pmax = 80 mW) nm or Ar+ at 488
nm (Pmax = 170 mW). The layer under study was placed in the sample compart-
ment of the FluoroMax spectrofluorometer. The excitation beam was directed
to the sample via Al mirrors. For some of the experiments, the laser light was
focused on the sample surface using f = 150 mm. The photobleaching reaction
was measured following the intensity at the fluorescence maximum. The decay
curves were recorded using the emission monochromator and the photomultiplier
of the FluoroMax in the "Time-based scan" regime. Suitable cut-off filters for
the excitation wavelength were put in front of the entrance slit of the detecting
system. The experimental data were collected at intervals of 0.1 to 2 s during a
time span of 5400 s.
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4 Solid solutions of organic molecules in SiO2 and
polyimide matrices
This Chapter reports organic dyes distributed in the optically inactive matrices
SiO2 and polyimide. In the first part of the Chapter, we present results about
solid solutions of various dyes in SiO2. The surface morphology of the films is
described. Afterwards, the optical response of mixed MePTCDI/SiO2 films, grown
by co-deposition of both materials, in dependence on dye content is reported. We
motivate the introduction of layer-by-layer deposition geometry and discuss its ad-
vantages for preparation of films with increased PL efficiency at higher dye content.
Further, we consider the influence of the inorganic matrix for the occurrence of
meridional to facial isomer transformations of Alq3 molecules during film growth.
Finally, we present results about the luminescence behavior of 2,2-difluoro-1,3,2-
dioxaborine dyes embedded in SiO2.
The second part of the Chapter is concerned with mixed dye/polyimide films.
First, in order to motivate the choice of matrix material, we present results related
to the photo physical properties of the neat polyimide films. We then address the
absorption and luminescent properties of the model dye MePTCDI dispersed in the
organic polyimide matrix. The influence of the embedded dye concentrations and
the thermal treatment conditions on the optical properties of the mixed layers are
discussed. Next, the photoluminescence of Alq3 in the PI matrix is compared with
that in SiO2. Conclusions about the incorporation conditions in both matrices are
drawn.
4.1 Organic dyes in SiO2 matrix
4.1.1 Surface morphology of the mixed films
Information about the morphology of the grown mixed dye/SiO2 thin films is
obtained from SEM and AFM measurements. As an example, we present results
of pure SiO2 and mixed with Alq3 or MePTCDI as embedded dye layers.
Figure 4.1 shows SEM micrographs of the surface of the neat host and mixed
Alq3/SiO2 films. Both samples were deposited at 5 Å/s on Si wafers. The total
film thickness is 5000 Å, and the concentration of Alq3 in the mixed layer is about
2 vol%. The diluted dye film is prepared using layer-by-layer growing mode.
Comparison between the layer-by-layer sample and Alq3/SiO2, prepared by co-
evaporation on static substrate shows that both films have a similar structure,
hence a micrograph of the latter sample is not presented here.
The micrographs show that the films are homogeneous, characterized by a fine
grain microstructure. Close examination, however without statistical processing,
established a difference in the grain size of the films. The mean grain size of the
neat matrix film is larger compared to that of the mixed samples. The grains of
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Figure 4.1: SEM micrographs of the surface of (a) a neat SiO2 film, 5000 Å film thick-
ness and (b) 2 vol% Alq3/SiO2 film, 5000 Å total film thickness.
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Figure 4.2: AFM images of vacuum deposited (a) pure SiO2 and (b) 2 vol%
MePTCDI/SiO2 films on glass substrate (image section: 1.00 x 1.00 µm,
Z-range: (a) 6.2 nm, (b) 5.1 nm). The total film thickness is 1000 Å.
the SiO2 film have an average size of 100 - 120 nm, while the size of the mixed
layer grains has an average of 70 to 100 nm. Additionally, the mixed samples are
characterized by slightly higher film density with respect to the pure matrix film.
The established higher porosity of the pure host film is in agreement with our
experimental findings concerning the growth of SiO2. Upon venting of the vacuum
chamber, we observe an increase of the thickness of deposited film measured with
the quartz oscillator. Yet, the effect is reversible upon evacuation. Therefore,
we attribute this phenomenon to an instant absorption of mostly water from the
pores within the thin film volume, resulting in increased density of the deposit,
which the monitor interprets as increase of thickness. Upon pumping, the ab-
sorbed water is again desorbed. The enhanced density of the mixed layers is due
to the incorporation of foreign species, i.e. dye molecules, admixed with the ma-
trix particles, which inhibit the mobility of the SiO2 particles, thus impeding the
formation of large SiO2 clusters and encouraging a denser microstructure [101].
As a result, the structure which is formed has less micro pores in contrast to the
neat SiO2 layer.
Furthermore, Figure 4.2 presents AFM images of neat matrix and mixed 2
vol% MePTCDI/SiO2 samples at total film thickness of 1000 Å. The images also
indicate that both films are amorphous and the surface is relatively flat. Roughness
analysis does not show considerable differences in the surface roughness. However,
the latter is slightly smaller for the mixed layer, i.e. the RMS (Root Mean Square)
roughness is 0.5 nm compared to 0.9 nm. Thus, the results are consistent with
those obtained from SEM.
55
4 Solid solutions of organic molecules in SiO2 and polyimide matrices
4.1.2 MePTCDI in SiO2 matrix
Isolated molecules vs. crystalline film
As we noted in the introduction, the PVD method allows the growth of mixed
dye/matrix layers, independent of the dye solubility in the matrix. Hence, it is
possible to study a wide range of dye concentrations, from a neat dye film to single
dye molecules isolated in the solid matrix. However, before discussing extensively
the results on mixed MePTCDI/SiO2 and further on MePTCDI/PI layers, it is
essential to first present briefly the two borderline systems: an isolated MePTCDI
molecule (monomer) and MePTCDI molecular crystal. We compare their optical
behavior in order to provide a basis for assignment the spectral features of the
mixed layers.
Figure 4.3 shows the normalized absorption and emission spectra of MePTCDI,
dissolved in DMSO. Since it is known for diluted liquid solutions that excitation
spectra of isolated molecules are identical or rather similar to their absorption
spectra [102], the corresponding luminescence excitation spectrum is presented
instead of the absorption spectrum. Both spectra are characterized by a mirror
symmetry. It thus reflects the relatively simple electronic and vibronic structure
of MePTCDI. The observed three bands are assigned to one electronic transition
and its vibronic progression. The S0 - S1 transition with S0[0-0] peak positioned
at 2.36 eV is a strong π - π* transition which is polarized along the long molecular
axis [156]. The vibronic progression is due to the coupling of the first singlet
excited state S1 to several vibrational modes of the molecule. An understanding
of the vibronic structure of perylene derivatives is possible by a combination of
IR, Raman, and Resonant Raman spectroscopy (RRS) and theoretical models
[157, 158, 159]. For example, in Ref. [159], the most intense vibronic modes in
the RRS spectra of PTCDA are assigned to the in-plane vibrational modes from a
theoretical prediction. However, only few modes of comparable energy contribute
with large oscillator strength to the absorption. The absorption spectrum can thus
be sufficiently described by one effective vibrational mode. Hence, the spectrum is
treated as the electronic transition with the vibronic progression of this effective
mode. The weak feature at around 3.4 eV in the luminescence excitation spectrum
corresponds to the next highest dipole allowed singlet state S2.
Figure 4.4 presents the absorption and luminescence emission spectra of a
MePTCDI thin film. In contrast to solution, no vibronic progression can be
assigned to the thin film absorption spectrum: It is considerably broader. Ad-
ditionally, the absorption edge is strongly red-shifted. The thin film is crystalline
in nature, but the interactions between the molecules in the crystal are much
weaker than the covalent in origin intramolecular interactions. As a result, the
electronic structure of the individual molecule is roughly preserved in the solid
state: the absorption bands between 2 and 3 eV approximately correspond to the
electronic transition of the monomer at 2.36 eV (cf. Fig. 4.3). In the film, how-
ever, the intermolecular interactions lead to alteration of the electronic structure.
Consequently, on the finer scale of vibrational excitations, both spectra are quite
different.
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Figure 4.3: Normalized PL excitation and emission spectra of MePTCDI dissolved in
DMSO at concentration 10−5 mol/l.
Figure 4.4: Absorption and emission spectra of MePTCDI thin film (20 nm thickness
on glass substrate).
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The absorption behavior of crystalline MePTCDI has been explained by a band
structure model for quasi-1D crystals with strong orbital overlap between neigh-
boring molecules, developed by Hoffmann et al. [103, 104, 105]. The model consid-
ers, in addition to the Frenkel exciton with linear coupling to the effective internal
vibrational mode, CT excitons that couple to the same vibrational mode. As in-
troduced in Section 3.1.1, the distance between the molecular planes within the
one-dimensional stacks of MePTCDI is 3.4 Å, which is small in comparison to the
other lattice constants and to the size of the molecules. This causes very strong
overlap of the π-electron systems within the stacks. Due to the overlap, the en-
ergy of the lowest CT exciton states becomes small. The energies of Frenkel and
CT excitons approach each other and a strong mixing occurs. In the crystal, this
results in the electronic bands presented in Fig. 4.5c, where any vibronic coupling
of the mixed Frenkel-CT states is left out. The electronic Frenkel character at k =
0 (Fig. 4.5b) determines the absorption coefficient α, which agrees well with the
experimental spectrum, as can be seen from Fig. 4.5a. A detailed description of
the model and results from its application to the absorption spectra of MePTCDI
and PTCDA are given in [104, 105].
A considerably different exciton band structure model is proposed by Vragovich
et al. [163]. It is also based on Frenkel excitons coupled to a single effective
vibrational mode, however neglecting any CT contributions. In contrast to the
one-dimensional model presented above, it includes the full crystal geometry with
two molecules in the unit cell. The model shows good agreement with experimental
unpolarized absorption spectra.
The luminescence of the pure MePTCDI film is significantly red-shifted with re-
spect to that of the monomer. This corresponds to a large Stokes shift of around
0.26 eV, compared to 50 meV for the molecules in solution. The emission band
is broad with a peak at 1.75 eV and a shoulder at ∼ 1.90 eV. The PL emission
spectrum is invariant when scanning the excitation wavelength over the absorption
maxima. It is thus inferred that the steady-state luminescence of the MePTCDI
film has a purely electronic origin (at least at RT). In contrast to absorption, the
luminescence behavior of solid MePTCDI is still not clearly understood. Accord-
ing to the band structure model of Hoffmann et al., upon optical excitation into
any k = 0 state, the free excitons relax down to the bottom of their band at k
= π. The transition from the k = π states to the total ground state is strictly
dipole-forbidden. Hence, the emission spectrum is explained by phonon-assisted
recombination. In Figure 4.5f, the experimental emission spectrum of a single crys-
tal is compared to the calculated peaks of the modeled spectrum from the lowest
k = π state to the vibrational levels of the ground state [105]. The comparison
shows good agreement, especially for the 01 and 02 transitions. However, tran-
sient PL measurements have shown that the decay times of the peaks are slightly
different, indicating that they are not simply related to one excited state that de-
cays into several vibrational ground state levels. Therefore, for explanation of the
luminescence properties, in addition to the emission from free-exciton band states
at k = π, emission from self-trapped states was introduced [106]. After optical
excitation, free excitons will interact with phonons. For example, in the dimer-like
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Figure 4.5: Exciton band structure in MePTCDI and experimental spectra (adapted
from [105]). (a) Experimental (dashed line) and calculated (solid line) ab-
sorption spectra of a poly-crystalline MePTCDI film. The experimental
spectrum is measured at 5 K (from [103]). (b) and (d) Vibronic model
states at k = 0 and k = π, respectively. Net contributions are summa-
rized by shaded areas, the right side (dark gray) gives the Frenkel character,
the left side (light gray) the CT character. (c) Electronic dispersion of the
Frenkel-CT mixing bands Ej(k). (e) Calculated emission energies for tran-
sition from the k = π state to the vibrational levels of the ground state. The
00-transition is strictly dipole forbidden. (f) Transient emission spectrum
of a MePTCDI single crystal, measured at 4 K (from [106]).
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crystal of α-perylene, strong exciton-phonon coupling is shown to result in a solid
state excimer formation [161]. For MePTCDI, a strong exciton-phonon coupling
is expected. In contrast to excimer formation (self-trapping) in solution with only
one broad emission band, in solids sometimes an additional precursor state arises.
Low-temperature luminescence studies, for example in α-perylene or MePTCDI
[33, 161] evidence the existence of such self-trapping precursor states. A detailed
discussion about the nature of the emitting states in MePTCDI crystalline films
can be found in [106].
Simultaneous condensation vs. layer-by-layer film growth
Co-evaporation or simultaneous condensation. As explained in the exper-
imental part of the thesis, the investigated layers were obtained by two different
deposition geometries, co-evaporation and layer-by-layer growth. Therefore, we
will first present the results concerning films grown by simultaneous condensation
of matrix and dye on a static substrate, in order to motivate the necessity of
passing over to layer-by-layer film growth.
To highlight the effect of the intermolecular interactions on the luminescence
efficiency of the mixed MePTCDI/SiO2 layers, we followed the evolution of the
PL excitation and emission spectra as a function of the MePTCDI concentration.
The range of concentrations studied is 0.2 - 6.3 vol%. Figure 4.6 depicts the cor-
responding normalized PL excitation spectra. A comparison with the absorption
spectrum in Fig. 4.3 shows for all samples the presence of single molecules. The
spectral features of the lowest S0 - S1 transition are clearly manifested: Peak1
at 2.3; Peak2 at 2.47, and a shoulder at around 2.64 eV. Thus, as in solution,
the spacing between vibronic levels amounts to 0.17 eV [69]. The positions of the
peaks are slightly shifted to the red with respect to the corresponding monomer
peaks in DMSO (Peak1: 0.06 eV for the 0.2 vol% sample). This shift to lower
energies can be attributed to interactions with the SiO2 matrix as a solvent en-
vironment. Further, there is spectral broadening of the absorption band, which
increases from 0.32 up to 0.39 eV with increasing MePTCDI concentration. In
addition, a notable change of the ratio of the heights of Peak1 and Peak2 occurs.
With increasing dye concentration, Peak2 favorably gains intensity, which denotes
enhanced excitation strength of the 0-1 transition and thus evidences dimer for-
mation. For some of the samples, a very weak spectral feature at ∼ 3.2 - 3.3 eV,
corresponding to absorption from higher excited states, is observed.
Figure 4.7 shows the corresponding luminescence spectra of the samples studied.
The intensity values are depicted as recorded in order to follow the alteration in
luminescence intensity in dependence on dye concentration. The Stokes shift is
relatively small - 0.066 eV for the 0.2 vol% sample. This is expected for a rigid
matrix, since in such environment little rearrangement is possible1. Two distinct
tendencies are observed: (i) in contrast to the absorption spectra, the emission
spectra significantly change in spectral shape with increasing dye content (ii) the
1In solid solutions, the relaxation time for the solvent molecules τR is usually À than the
lifetime τe of the excited state; i.e. emission will occur before any rearrangement of solvent
molecules in the solvation cage [37, 38]
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Figure 4.6: Normalized PL excitation spectra of mixed MePTCDI/SiO2 films on glass
at various concentrations of the dye. Detection wavelength is 595 nm. The
total thickness of the samples is 1000 Å.
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Figure 4.7: PL emission spectra of MePTCDI diluted in SiO2 matrix at various concen-
trations. Emission is recorded at excitation of 502 nm. The total thickness
of the samples is 1000 Å.
alteration of spectral shape is accompanied by change in luminescence intensity.
The samples at low MePTCDI concentrations (up to 1 vol%) show monomer-
type emission and increase of the PL intensity at a slight shift to the red of
the PL maximum. Above 1 vol%, the shift to lower energies continues (around
0.02 eV for the studied concentration range). The luminescence intensity nearly
linearly increases with increasing dye content for the samples at 0.2 and 0.4 %;
above 0.4 vol% the linear dependence is violated. Additionally, the second peak
(transition S1[1-0]) becomes considerably broader, and above 2 vol%, more intense
with respect to the first peak (transition S1[0-0]).
This spectral behavior can be explained by aggregation of molecules and reso-
nant energy transfer (Förster transfer), two effects which are substantially influ-
enced by changes in dye quantity. With increasing quantity of dye molecules in
the matrix, the probability for aggregate formation increases. Dimer formation,
however, results in alteration of the spectral shape and displacement of emission
bands relative to the monomer [31]. The deposition technology we use assures
rather low-order arrangement of the condensed molecules. Yet, for dimer con-
figuration with nonparallel alignment of the dipole moments both transitions are
optically allowed. With a certain probability each dimer state could be excited
and could emit upon relaxation to the ground state. Hence, the multiplicity of
possible orientations between pairs of MePTCDI molecules, sufficiently close to
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Figure 4.8: Molecular separation R and probability P for Förster energy transfer in
dependence on dye concentration for MePTCDI diluted in SiO2 matrix.
form a dimer, leads to the observed broadening of the emission band. Due to re-
laxation processes within the dimer complex, emission occurs primarily from the
lower energy level. This red shift, along with the induced energy shift of the exci-
ton band splitting, contributes further to the red shift of the emission band. On
the other hand, the oscillator strength of the dimers is lower with respect to that
of the corresponding monomer states [31]. Therefore, the decrease in luminescence
efficiency with increasing dye content can be assigned to predominant emission of
dimers or higher-order aggregates within the thin films.
As argued in Section 2.2, the efficiency of the Förster transfer is strongly dis-
tance dependent. It is most effective when donor and acceptor are separated by
a distance within the Förster radius. Figure 4.8 shows the probability for Förster
energy transfer in dependence of the MePTCDI content in the matrix. The prob-
ability P is
P =
1
1 + (R/R0)6
, (4.1)
where R denotes the molecular separation and R0 is the Förster radius. We cal-
culated R0 from Eq. (2.32) by determining the spectral overlap for MePTCDI
molecules dissolved in Chloroform. It amounts to 52 Å (for the calculation, we
used the emission and absorption spectra presented in [107]). The value is con-
sistent with the data in [108], where for perylene derivatives dissolved in various
solvents the Förster radii are determined to be ∼ 40 - 50 Å. For the studied
samples, as evident from Fig. 4.8, 0.4 to 1 vol% dilution corresponds to a mean
distance between the MePTCDI molecules in the matrix which lies in the range of
the referred critical radius. If the thin film comprises both monomers and dimers,
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which are close enough for effective energy transfer to take place, excitation will
be transferred with a certain probability from the isolated MePTCDI molecules to
the molecular complexes. As a result, the luminescence quantum efficiency of the
MePTCDI/SiO2 system will decrease. For dye contents ≥ 1 vol%, the probability
for Förster transfer exceeds 90 %, while for 0.1 vol% it is only 9 %. Such an inter-
pretation is consistent with results from luminescence anisotropy measurements
on thin films of diluted in SiO2 PTCDA molecules [14]. The emission anisotropy,
r(t), is defined as:
r(t) =
I‖ − I⊥
I‖ + 2I⊥
, (4.2)
where I‖ and I⊥ are the intensities of light emitted with parallel and perpendicu-
lar polarization, respectively, to the direction of the excitation polarization [110].
The anisotropy r is 0 for systems with coupling between luminescence centers with
isotropically distributed orientation, and varies between 0.2 and 0.4 for randomly
oriented molecules. In PTCDA/SiO2 thin films, r increases gradually with de-
creasing dye concentration. For dilution below 0.1 vol%, however, the anisotropy
tends to reach the value of 0.4, which corresponds to fully independent luminescent
species [14].
On the other hand, the only slight alterations in the absorption spectra upon
increasing dye content indicate that the films are mostly composed of isolated
molecules. However, due to effective Förster transfer, only a few dimers are needed
in order to explain the observed luminescence behavior.
The internal quantum efficiency of evaporated MePTCDI thin films at room
temperature was measured using an integrating sphere to be only 0.03 - 0.04
[111]. This confirms the fact that the decay dynamics in pure MePTCDI films
are dominated by nonradiative recombination losses. In contrast, the quantum
efficiency of isolated MePTCDI molecules in solution is about 0.93 [108]. Accord-
ingly, we have shown that by isolation of dye molecules in the rigid matrix, it is
possible to influence the intermolecular interactions. Thus, higher luminescence
quantum efficiencies with respect to the MePTCDI crystalline thin film can be
reached. Further in this Chapter (see Fig. 4.12), we will present the relative PL
quantum efficiency of the MePTCDI/SiO2 films, grown by simultaneous conden-
sation of dye and matrix, as a function of the dye concentration, along with the
data obtained for mixed films grown by layer-by-layer condensation.
However, highly diluted films have the disadvantage of very low absorption
which is a substantial drawback for some specific practical applications. Another
weak point of the used co-evaporation geometry is the inevitable possibility for
energy interactions between the SiO2 matrix particles and the organic molecules.
Since the matrix is obtained by e-beam deposition, it is reasonable to assume that
upon condensation of SiO2 particles, considerable heat is released. During the
simultaneous condensation of both materials on the substrate, as a consequence
of intermolecular energy transfer, the dye molecules can experience strong local
heating. We will refer to this effect as "thermal stress". It could lead to structural
changes, or even thermal destruction of the organic molecules, which thus could no
more efficiently emit light, but serve as luminescence traps. If this is the case, the
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existence of inactive (destructed) molecules could play an important role only in
the luminescence response of the samples (due to migration of excitation and effec-
tive resonant energy transfer), but could not be detected directly in the absorption
spectra. Thus, our assumption is consistent with the only very small variations in
the excitation spectra of the samples at various MePTCDI concentrations.
Further, during evaporation the substrate is inevitably heated. We carried out
experiments in order to prove that, using a thermocouple fixed on the substrate
surface and facing the evaporation source. It has to be noted, though, that the
measurement is not necessarily highly accurate, since the substrate is of low ther-
mal conductivity. The results have shown that the substrate temperature rises
from RT to a value which depends on the matrix evaporation rate. For example,
during the deposition of 2000 Å mixed film ∆T (∆T = T - RT) was 36 K for 5
Å/s evaporation rate, while for 0.2 Å/s ∆T of 69 K was measured. Similarly, the
substrate was heated from RT to 395 K during 120 minutes deposition time at
4 Å/s. These values, however, correspond to an integral substrate temperature
while on a local level it is possible that an overheating is reached. Thus, the en-
ergy "imposed" on the system could also lead to structural changes in the organic
molecules. As we will discuss later, this could be a rather significant effect in
particular when the preparation of µm-thick films is concerned. Hence, we carried
out most of the spectroscopic measurements exclusively on 1000 Å thick films.
Layer-by-layer growth. Our subsequent studies were devoted to finding the
most appropriate evaporation conditions which assure less thermal stress upon the
organic molecules during film growth. Additionally, we aimed at influencing the
deposition process in a way that permits designing structures with less aggregates
and reduced probability for resonance energy transfer to non-luminescent traps,
i.e. with increased PL efficiency, at higher dye content.
As a first optimization step, we introduced rotation of the substrate on which the
condensation takes place. However, the concurrent condensation of both materials
was retained. Technological experience shows that the deposition on rotating
substrate has the following advantages:
• the thin films grown are uniform in thickness on large area
• the factors causing an inhomogeneous distribution of material when mixing
two or more constituents are reduced, so the deviation from the stoichiometry
is lessened
• for materials which show columnar growth morphology, substrate rotation
assures upright growth.
Accordingly, thin films with reproducible optical parameters can be prepared.
In order to reduce the thermal stress upon the organic molecules, we further
separated the condensation of dye and matrix molecules during the film growth
process on the rotating substrate. For this reason, we used an additional disk with
18◦ - 180◦ aperture, as described in Section 3.2.6 of the work. This layer-by-layer
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Figure 4.9: Schematic presentation of the dye depth distribution for layers grown by
(a) co-evaporation and (b) layer-by-layer.
growth mode (Fig. 4.9b) additionally offers the possibility to control both the
amount of dye and matrix in the sublayers. Thereby, we can achieve more or
less efficient separation between subsequent dye sublayers. Thus, undesired inter-
actions between matrix and dye molecules, as well as intermolecular interactions
leading to luminescence quenching can be prevented.
Using layer-by-layer film growth, molecules of MePTCDI were diluted in SiO2
matrix at concentrations in the range from 0.5 vol% to 23 vol%, and the opti-
cal behavior of the resulting films was investigated. First, Fig. 4.10 presents a
comparison of the luminescence of MePTCDI/SiO2 films for samples grown by si-
multaneous condensation on static and rotating substrates, and by layer-by-layer
growth. The concentration of MePTCDI for all samples is 2 vol%. The corre-
sponding excitation spectra are quite similar (see the inset in Fig. 4.10), while the
sample differ in luminescence. All films have an absorption maximum at 2.31 - 2.32
eV, with spectral shape reproducing the main features of the monomer absorption.
The band width is almost constant, around 0.34 eV.
In contrast, the luminescence spectra show that the distribution of molecules in
the films on rotating substrate is nearly monomer-like. Spectral shapes are similar
to the emission of MePTCDI in DMSO solution, indicating weaker intermolecular
interactions. However, a comparison of the height ratios of peaks 1 and 2, and
the band widths suggests that the emission of the layer-by-layer sample originates
mostly from singlet excited states of isolated molecules in the matrix, while the
luminescence of the co-deposited film reflects rather dimer-type emission. The
assumption is supported by the lower value of the PL integral intensity for the
latter sample.
As already discussed, for mixed MePTCDI/SiO2 films obtained by static co-
evaporation geometry, the transition to monomer-type emission occurs at dilution
below 1 vol%. In contrast, our experiments with samples on rotating substrate
and separate condensation demonstrate that the latter transition is shifted to
higher dye quantities, namely 2 vol%. We interpret this result as follows: In
case of layer-by-layer growth, the condensation of both materials is separated in
time. The film is build up consecutively, i.e. each dye sublayer is followed by
a matrix sublayer. Thus, by inserting discrete matrix sublayers, the possibility
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Figure 4.10: Luminescence spectra of composite 2 vol% MePTCDI/SiO2 films, grown
by various deposition conditions. 502 nm is used as excitation wavelength.
The inset shows the corresponding normalized excitation spectra; 595 nm
is used as detection wavelength. The total sample thickness is 1000 Å.
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for interactions between MePTCDI molecules of two neighboring dye sublayers is
reduced. Another advantage of the separating SiO2 sublayer is that it limits the
migration of organic molecules in the same dye sublayer. During condensation,
some of the molecules of the same sublayer face each other to form dimers, however
a substantial part of them remains isolated on the rough matrix sublayer surface,
upon excitation emitting from the singlet excited state.
For the samples grown layer-by-layer, we further established that the change in
luminescence spectral shape is accompanied by an increase of the integral intensity
by a factor of 1.8 - 2.6 with respect to that of the samples at the same dye content,
co-deposited on static substrate. The enhanced intensity is assumed to be due to
reduced thermal stress for the organic molecules during film growth. By classical
co-evaporation, both dye and matrix materials simultaneously condense on the
substrate. As a result, the MePTCDI molecules are subjected to energy transfer as
a consequence of the heat released by the condensation of SiO2 particles. However,
by evaporation on rotating substrate, first, the condensation of matrix and dye
are separated in time. Direct interactions are thus avoided. Second, time for
relaxation between the successive layers is gained. As explained in Section 3.2.6,
the substrate sees the evaporation sources only for a part of the disk rotation
period. This means that by changing the rotational rate, we can prolong the
time between the moment of completion of for instance the matrix layer, and
the moment when the impinging dye molecules start to form the successive dye
sublayer. The MePTCDI molecules hit the already cooled down surface of the SiO2
sublayer. Thus, the destruction of the initial dye molecules during film growth is
limited. The possibility for energy transfer of the excitation to non-luminescent
molecules decreases and the channels for luminescence losses are reduced. In
general, this assumption can clarify the increased luminescence efficiency of the
samples obtained by the layer-by-layer film growth.
We established similar luminescent behavior for the perylene derivatives PTCDA
and 01630/021 (a test dye delivered from BASF Farbenlabor, Ludwigshafen),
when layer-by-layer film growth was used for their incorporation in the SiO2
matrix. The composite layers show pronounced monomer emission at higher
dye content, combined with increased luminescence intensity compared to the
co-deposited samples. However, because the present work is mainly concerned
with the MePTCDI dye, these results are not discussed in detail here (a thorough
study of mixed PTCDA/SiO2 films, prepared by simultaneous condensation can
be found in [52, 112]). In Figure 4.11, we present as example only results for 1
vol% PTCDA in SiO2 samples, grown by both deposition modes. A comparison
between the PL excitation spectra show that the characteristic spectral features
of the dye in liquid solution are visible in the absorption of both samples, yet the
peaks are shifted to lower energies by about 0.03 eV (according to [113], in DMSO
the 0-0 transition is centered at 2.39 eV, while in SiO2 Peak1 is positioned at 2.36
eV). Differences in the absorption behavior are expressed in a slightly narrower
absorption band for the layer-by-layer sample and a nearly monomer height ratio
of peaks 1 and 2 with respect to the co-deposited sample. Both distinct emission
peaks of the layer-by-layer sample have almost equal intensity, while for the co-
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Figure 4.11: PL emission and excitation spectra of mixed 1 vol% PTCDA/SiO2 films,
grown by co-evaporation and layer-by-layer growth. Emission is recorded
at an excitation wavelength of 495 nm.
deposited sample, the second emission peak gains intensity with respect to the first
one. Additionally, the luminescence low-energy tail of the simultaneously grown
PTCDA/SiO2 film is red-shifted compared to the separately grown film.
On the other hand, differential reflectance spectroscopy (DRS) studies on ul-
trathin films of PTCDA, grown on mica by organic molecular beam epitaxy
(OMBE), reveal that up to 1 ML film coverage, the films show monomer ab-
sorption [114]. This behavior is explained by weak electronic coupling between
the single molecules at this thickness and stronger aptitude for completion of the
first layer than to formation of molecule stacks. In the out-of-plane direction, the
molecules are separated only by 3.37 Å. Thus, above 1 ML film coverage the strong
interaction of the overlapping π-electron systems prevails and the molecules start
to stack in dimers. The transition from monomers to dimers is manifested in the
absorption spectra of the films, with enhanced height of Peak2 with respect to
Peak1. In contrast, the excitation spectra of the studied samples indicate rather
predominantly monomer distribution of PTCDA molecules. The existence of ag-
gregates is revealed only in the emission spectra in modified spectral shape. In this
regard, the results are consistent with those presented in [112]. For PTCDA/SiO2
films grown by simultaneous condensation, it was also established that a transi-
tion from monomer to dimer luminescence takes place at a dye content between
0.7 - 1 vol%. However, considering the higher PL intensity and the nearly equal
peak intensities of both emission maxima, the number of luminescence traps in
69
4 Solid solutions of organic molecules in SiO2 and polyimide matrices
0.1 1 10 100
1
10
100
 
 
R
el
at
iv
e 
qu
an
tu
m
 e
ffi
ci
en
cy
 (%
)
Dye concentration (vol%)
 crystalline MePTCDI film
MePTCDI / SiO
2
 grown by:
 co-evaporation
 layer-by-layer
Figure 4.12: Relative PL quantum efficiency of composite MePTCDI/SiO2 films,
grown by simultaneous condensation and layer-by-layer in dependence on
MePTCDI concentration.
the layer-by-layer sample is apparently lower with respect to the co-deposited film.
This conclusion is supported by results from a comparative study on samples from
both deposition geometries and concentration range from 0.3 to 3 vol%, which we
did not present here. Thus, the separated condensation in time of both SiO2 and
PTCDA results in enhanced PL efficiency.
In Figure 4.12, the relative PL quantum efficiency of mixed MePTCDI/SiO2
samples grown layer-by-layer is compared to that of samples grown on static sub-
strate by simultaneous condensation of matrix and dye. Relative refers here to the
fact that the efficiency of the samples is defined relative to the internal quantum
efficiency of pure MePTCDI layer, assuming equal absorption per molecule for all
samples. As a general trend, the graph shows that the PL efficiency increases with
decreasing dye content, reaching a value of about 70 % at 0.2 vol%. Moreover,
the results suggest the following: At low dye quantities, both film growth modes
could be used to produce layers with similar luminescent properties. However, the
separation of dye from matrix during film growth results in mainly single molecule
distribution, and thus to high PL quantum efficiency even in more concentrated
solid solutions of MePTCDI. As a consequence, another important advantage of
this technique is that it allows the preparation of mixed films with increased ab-
sorption without losing luminescence efficiency.
Another noteworthy observation is that, although the general trend in Fig.
4.12 is easily recognizable, there is considerable deviation of the PL efficiency
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values for the various samples at equal total MePTCDI concentrations grown
layer-by-layer. The result could stem from a difference in the composition between
the investigated films. As already stressed, the layer-by-layer condensation offers
the possibility to control the thickness of the constituent sublayers, varying the
evaporation rate for the organic and matrix materials via the aperture angle in
the disk beneath the substrate holder. In such a way, the distance between the
organic molecules in the sublayer and between the organic sublayers themselves
could be varied. This leads to a different areal density of MePTCDI molecules
in the final film (in-plane and in-depth film direction) and thus to emission from
different states. This could easily explain the observed differences.
The above consideration, however, requires a detailed investigation of the lu-
minescence behavior as a function of film composition and the corresponding film
structure. The substrate rotation, combined with the temporally separate con-
densation of dye and matrix, allows the formation of films comprising alternating
sublayers of SiO2 and MePTCDI. In order to clarify the influence of the latter on
the luminescence, we prepared samples with various thicknesses of the dye (dye
coverage) and matrix sublayers using layer-by-layer growth. Information about the
optical quality of the films can be inferred from their PL emission and excitation
spectra, since, as pointed out, monomers show different luminescence behavior
compared to molecular aggregates. Spectral shape and intensity thus reflect the
molecular distribution and accordingly, it is possible to draw conclusions about
the optimal film composition for highest PL efficiency.
Figures 4.13 and 4.15 show PL excitation and emission spectra of samples at
equal MePTCDI sublayer coverage of 0.1 ML (0.3 Å). They differ in the thickness
of the SiO2 sublayers in-between and total dye concentration, respectively. As in
the case of co-deposited films, the emission PL spectral shape changes substantially
with increasing matrix sublayer thickness, whereas the excitation spectra at lower
total dye content are less influenced by the latter parameter.
In general, in the concentration range between 10 and 2 vol%, the excitation
spectra of the VD films are similar to those of dissolved MePTCDI molecules (see
Fig. 4.3). In contrast, the film at 23 vol% total dye concentration, and 1 Å SiO2
sublayer thickness respectively, represents a mixture of monomer and aggregate-
type absorption with a broad band and maxima at 2.59, 2.30 and 2.15 eV, the
spectrum being quite identical to that of neat MePTCDI film (see Fig. 4.14).
Accordingly, the luminescence of the samples reflects the different composition
of the films. With decreasing total concentration, i.e. increasing thickness of the
separating matrix layer, the PL maxima shift to higher energies. This phenomenon
is accompanied by considerable enhancement of the luminescence intensity. The
emission at 1 Å SiO2 sublayer is identical with that of the crystalline MePTCDI
film with a fluorescence peak at 1.77 eV. The sample at 2 Å SiO2 is characterized
by a broad shapeless PL spectrum which corresponds to high degree of aggrega-
tion, whereas the emission of the films at 5 and 10 Å originates from low-order
aggregates as well as isolated molecules. For the sample at 2 vol% total dye con-
tent and 15 Å matrix sublayer thickness, respectively, the luminescence spectrum
is dominated by monomeric transitions, with well-resolved vibronic progression
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Figure 4.13: Normalized PL excitation spectra of composite MePTCDI/SiO2 films
(layer-by-layer film growth) at 0.1 ML MePTCDI dye coverage, but differ-
ent total dye concentration. PL excitation is detected at 700 nm for the
23 vol% sample and 590 nm wavelength for all other samples.
and 0-0 peak at 2.27 eV.
As noted earlier, the preparation method we use assures a rather disordered
arrangement of the dye molecules within the films. So, again the optical response
of the mixed layers is influenced by molecules which are in sufficient proximity to
form molecular aggregates, and by energy transfer from isolated molecules to such
aggregates. In this regard, the observed spectral changes in the PL excitation
and emission spectra can be understood as follows: Although the dye coverage is
less than a monolayer (0.1 ML), one can not exclude formation of dimers in the
same dye sublayer. However, in the out-of-plane direction, judging by the only
slight changes in the excitation spectra of the samples at a total dye content 10
vol% and less, the intermolecular interactions are quite effectively inhibited by a
matrix sublayer with thickness > 2 Å. The absorption of these samples indicates
the presence of dimers and an additional contribution of isolated molecules. By
such a distribution, upon excitation there exists the utmost probability for energy
transfer between two neighboring dye sublayers separated by a matrix layer with
thickness less than the Förster radius, and also from isolated molecules to aggre-
gates in the same dye sublayer. Yet, following the evolution of the recorded spectra
with increasing thickness of the separating SiO2 sublayer, it is possible to conclude
that both Förster transfer in depth of the film and formation of dimers have a de-
cisive effect on the luminescence behavior of the films. At 1 Å matrix sublayer, the
organic molecules behave as a quasi-one-dimensional crystal. A further increase
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Figure 4.14: Normalized PL excitation spectra of a composite MePTCDI/SiO2 film
(layer-by-layer condensation) at 23 vol% dye concentration and of a 20
nm neat MePTCDI film. The emission wavelength for detection is 700
nm.
of the matrix sublayer thickness results in more effective separation of the neigh-
boring dye layers (the film coverage at which SiO2 builds a closed layer is known
to be around 20 Å) and thus between molecules facing each other. At 2 vol%
MePTCDI content, two successive dye layers are isolated by 15 Å matrix layer,
which efficiently hinders the formation of aggregates, the result being an increased
monomer contribution leading to enhanced luminescence intensity. However, the
emission spectral shape suggests that molecule complexes in the same dye sub-
layer and energy transfer between neighboring MePTCDI sublayers still influence
the overall luminescence. The latter could be avoided if one further increases the
thickness of the separating matrix sublayer. However, this leads again to a total
dye content below 1 vol%.
Another example for the effect of the constituent layers on the luminescence
shape and intensity of the final composite film is depicted in Figures 4.16 and
4.17. The graphs present a comparison of the emission of samples at equal total
MePTCDI concentration, but at different sublayer composition. Figure 4.16 shows
the PL emission spectra of 3 vol% MePTCDI/SiO2 films with dye coverage of 0.1
ML dye/10 Å SiO2 and 0.01 ML dye/1 Å SiO2, while Fig. 4.17 - the respective
spectra of 2 vol% MePTCDI/SiO2 films with compositions 0.1 ML dye/15 Å SiO2
and 0.01 ML dye/1.5 Å SiO2.
In contrast to the above samples, not the separating matrix sublayer, but the
distribution of organic molecules in the in-plane direction plays here the dominant
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Figure 4.15: PL emission spectra of composite MePTCDI/SiO2 films (layer-by-layer
condensation) at 0.1 ML MePTCDI dye coverage, but different total dye
concentration; excitation wavelength 495 nm
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Figure 4.16: PL emission spectra of composite MePTCDI/SiO2 films at same total
MePTCDI concentration of 3 %, but different sublayer composition. For
excitation a wavelength of 495 nm is used.
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Figure 4.17: PL emission spectra of composite MePTCDI/SiO2 films at same total
MePTCDI concentration of 2 %, but different sublayer composition. Spec-
tra are recorded with 495 nm excitation wavelength.
role. At a dye coverage of 0.01 ML, the distance between MePTCDI molecules
in in-plane direction is quite large, the interactions in this direction are therefore
very weak and the possibility for Förster transfer of the excitation is very low.
The 1 Å SiO2 sublayer is insufficient for effective separation; nevertheless, at this
dilution there is less probability for molecules of two neighboring dye sublayers to
interact with each other. As a result, the samples with 0.01 ML dye layers show
pronounced monomer emission and the luminescence efficiency increases further.
Photostability. We studied the photobleaching of the mixed samples upon
continuous laser light irradiation. The excitation wavelength of 488 nm (Ar+ laser)
fits well into the absorption bands of MePTCDI and PTCDA. The measurements
were carried out in air.
Figure 4.18 displays the luminescence behavior of PTCDA molecules incorpo-
rated in SiO2 at 2 vol% upon irradiation with intensity of 2.1 kW/cm2. The
films are grown by co-deposition and layer-by-layer, respectively. The results sup-
port the assumption that, compared to simultaneous condensation, layer-by-layer
growth assures a more homogeneous dye distribution at relatively high dye quan-
tities. The bleaching profiles unambiguously show that upon irradiation, the 0-0
peak at 540 nm gains intensity for both samples, whereas the intensity of the 1-0
peak around 580 nm decreases. Taking into account that the dye molecules in
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Figure 4.18: Time evolution of the luminescence spectra of mixed 2 vol% PTCDA/SiO2
films, grown by (above) co-evaporation and (below) layer-by-layer. The
total film thickness is 1000 Å. PL is recorded at 488 nm cw-Ar+ laser
excitation (irradiation intensity 2.1 kW/cm2).
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the higher concentrated samples are divided into isolated molecules, dimers, and
higher order aggregates (cf. Fig. 4.11), we interpret this result as follows: Upon
laser excitation, molecule aggregates are rapidly bleached, while the monomers are
more stable and take longer time to degrade. Hence, the luminescence spectral
shape changes from a superposition of both species to emission from predomi-
nantly monomers. Due to the bleaching, the aggregates are no more available
to energy transfer from monomers in close proximity, therefore the PL intensity
increases. Similar photobleaching behavior has been observed, for example, for flu-
orescein distributed in a poly(vinyl alcohol) matrix at a concentration of 1 % [49].
It is further consistent with results obtained from single molecule spectroscopy on
layers of terrylene molecules embedded with sub-monolayer thickness in a SiO2
matrix [155]. The measurements have shown that aggregated molecules are less
photostable than the single molecules. Also, the single molecules trapped in the
rigid matrix are not easily bleached, even in the presence of oxygen. As shown in
Chapter 2, such a behavior is confirmed by various studies on organic fluorescent
dyes trapped in thin solid films. The described effects, however, take place on a
different time scale for both samples. The alteration in the emission spectrum is
faster and more pronounced for the layer-by-layer grown sample. It thus indicates
a more homogeneous dye distribution with respect to the co-deposited film.
Figure 4.19 presents results for the luminescence decay of the S1[1-0] peak (∼
550 nm) of the mixed layer-by-layer MePTCDI/SiO2 films in dependence on dye
concentration. The photobleaching curves consist of two regions: a fast decrease
within the first fifty seconds, followed by region of slower decay. The experimental
decay curves for the samples of 0.9 to 3.1 vol% MePTCDI were best fit using a
bi-exponential function:
IF (t) = A1 exp(−t/τ1) + A2 exp(−t/τ2), (4.3)
where IF (t) is the time-dependent luminescence intensity, proportional to the dye
concentration in the electronic ground state, considering absorption governed by
Beer’s law [49, 115]. An example for such a fit is presented in Fig. 4.20 for the
3.1 vol% sample.
It was thus possible to determine photobleaching rate constants k1 for the faster
process and k2 for the slower process, respectively (ki = 1/τi). The corresponding
results are presented in Fig. 4.21. Accordingly, the photobleaching curves show the
presence of at least two decay processes with rate constants dependent on the dye
content in the mixed films. The rapid initial decay is more efficient upon increasing
dye concentration. Therefore, it is possible to interpret the decay behavior by the
average inhomogeneous dye distribution within the mixed layers. The fast decay
region can be attributed to interactions between dye molecules in close proximity
to each other. In contrast, the slower bleaching mode is likely related to processes
involving molecules isolated in the matrix environment. According to studies in
literature, e.g. [15], the decay rate in this region is mostly influenced by the
mobility of dye molecules in the host and hence to its mechanical and chemical
parameters, such as density and composition.
It is noteworthy that the most diluted sample shows a quite high decay rate
constant k2 with respect to the more concentrated samples. On one hand, the
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Figure 4.19: Fluorescence decay curves of mixed MePTCDI/SiO2 films at various
MePTCDI concentrations (total film thickness 1000 Å) upon cw-laser ex-
citation at 488 nm, laser intensity 2.1 kW/cm2. The spectra are recorded
at 0.1 s time increment and 0.1 s integration time.
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Figure 4.20: Time-dependent PL intensity of mixed 3.1 vol% MePTCDI/SiO2 film and
the corresponding double exponential fit to the data.
78
4.1 Organic dyes in SiO2 matrix
0.8 1.6 2.4 3.2
0.0001
0.01
0.1
 
 
k 1
, k
2 (
s-
1 )
MePTCDI concentration (vol%)
 k
1
 k
2
Figure 4.21: Decay rate constants k1 and k2 for both decay slopes of the mixed
MePTCDI/SiO2 layers in dependence on dye concentration.
result could be due to slightly different structure of the matrix. In general, the
samples are prepared using the same deposition scheme, however in consecutive
vacuum cycles. Thus, variations in the matrix structure, and consequently in the
dye environment, within the cycles can not be excluded. On the other hand, the
experimental data show that an efficient transfer of energy from donor to acceptor
decreases the rate of photobleaching [116]. A potential explanation for the faster
decay in the case of 0.9 vol% dye content could be the lower probability for Förster
transfer, as compared to the more concentrated samples.
In contrast, the decay intensity curve detected at the monomer peak of 550 nm of
the 4.8 vol% film (Fig. 4.19) exhibits a special profile, increasing upon continuous
irradiation after the initial steep photobleaching. Detection at the lower energy
peak at 600 nm, however, shows a time evolution of the PL intensity as in the case
of lower dye content (Fig. 4.22). Such a behavior is in accordance with the results
presented for mixed co-deposited PTCDA/SiO2 films upon cw-laser excitation (cf.
Fig. 4.18). As discussed, higher dye concentrations result in a variety of molecule
configurations inclusively molecule aggregates. These aggregates are less stable
upon excitation and diminish as the degradation process develops.
Photoluminescence quantum yield and optical constants. We measured
the PL quantum efficiency of the mixed dye/SiO2 films according to the method
presented in the experimental part of the thesis. The main experimental difficulty
is the poor absorption of the mixed films at optimal dye content. For example,
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Figure 4.22: Time-dependence of the PL intensity, detected at 550 and 600 nm for
4.8 vol% MePTCDI embedded in SiO2 matrix upon cw-irradiation at 488
nm, laser intensity 2.1 kW/cm2. The spectra are recorded at 0.1 s time
increment and 0.1 s integration time.
a 1000 Å film at 2 vol% MePTCDI concentration absorbs less than 1% at the
excitation laser wavelength of 442 nm. That is, in order to obtain reliable results, it
was necessary to grow films of micrometer thickness. Also, the efficiency measured
by this method is by a factor 1.6 to 2.4 lower than the internal quantum efficiency
of the sample (φint = 2π/n2φext [111], with n = 1.7 - 2). This means, that if φint
= 0.05, the measured value of φext will be ∼ 0.03. Thus, measurement of samples
with low quantum yield, even with sufficient absorption, might be limited by the
sensitivity of the detecting system and additionally might require optimization
of the integrating sphere design, i.e. sphere diameter, size of port openings, and
coating reflectance.
From a technological point of view, it was rather demanding to grow microm-
eter thick films with good optical quality. Due to the prolonged deposition cycle
and the resulting substrate heating, the films tend to crystallize. Also, the films
are characterized by poor adhesion to the substrate, and upon increasing film
thickness tend to peel off. In addition, although MePTCDI is known to have
high thermal stability, such deposition conditions are rather severe for the dye
molecules. The films obtained in a single cycle showed alteration in color along
with poor luminescence properties, thus arguing for high thermal stress. So, (i)
as initial step pure SiO2 matrix film (100 Å thickness) was grown to increase the
adhesion of the real film to the substrate and (ii) the deposition was carried out
with breaks, allowing for the sample to cool down. In such a way, we were able to
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Figure 4.23: Optical constants of MePTCDI embedded in SiO2 and a 1 vol%
MePTCDI/SiO2 film, defined using Lorentz Oscillator and EMA models,
respectively. The SiO2 matrix is modelled as a Cauchy material.
grow mixed MePTCDA/SiO2 films of good quality with a thickness in the range
0.6 - 4 µm.
In contrast to the 1000 Å thick films, these "thick" layers gave the opportu-
nity to record reliable transmittance and reflectance spectra. On their basis, as
described in Section 3.3.1, it was possible to define the optical constants of the
films. As example, Fig. 4.23 shows the determined real and imaginary part of the
index of refraction, n and k, of MePTCDI and 1 vol% MePTCDA/SiO2 film as a
function of wavelength. The n and k of MePTCDI were modelled by employing a
3 oscillator LOM. The optical constants thus determined were further substituted
in the EMA Bruggeman model with SiO2 as a Cauchy host material and shape
factor q=1/3. In the absorbing range of MePTCDI (330 - 550 nm), a comparison
between the experimental spectra and those simulated with Film Wizard shows
good correspondence, with maximal difference of 1.6 % in both T and R (Fig.
4.24).
The measurements of the luminescence quantum efficiency have shown that it
is strongly influenced by several parameters such as film thickness, preparation
time, and deposition procedure. Accordingly, φext varies between 0.08 - 0.19. The
highest efficiency was measured for 6300 Å thick sample at 0.6 vol% MePTCDI.
With increasing film thickness, the reproducibility of the luminescence properties
drops; the emission spectra of the samples change drastically, indicating enhanced
aggregation. Since the samples are characterized by a relatively small Stokes shift,
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Figure 4.24: Transmittance and reflectance spectra of 1 vol% MePTCDI/SiO2 film,
total film thickness 1.34 µm. Solid lines display the measured spectra,
while open circles show the calculated spectra using n and k from EMA
model.
at higher film thickness, reabsorption could additionally contribute to the efficiency
decrease. However, due to the low absorption coefficients, such an influence seems
to be rather insignificant.
Summary
To summarize, examination of the PL emission and excitation spectra of sam-
ples grown layer-by-layer confirm that by varying the thickness of the MePTCDI
and SiO2 sublayers, the optical response of the composite films can be varied.
The technique allows to control the molecular distribution in both horizontal and
vertical direction of the film, and assures better conditions for creation of single
molecules - one of the well known prerequisites for high quantum efficiency. Fur-
thermore, the proposed preparation method has some additional advantages. Dye
and matrix materials condense separately in time. Hence, the possible ways for
degradation of the initial organic molecules are limited and the channels for lumi-
nescence losses are reduced. Consequently, the layer-by-layer condensation leads
to increased PL quantum efficiency in more concentrated mixed films, compared
to the conventional co-evaporation. From the results presented above, we derive
2 vol% to 3 vol% MePTCDI as the optimal dye quantity for preparation of highly
luminescent films at higher absorption.
In addition, the results from photobleaching experiments show that the photo-
stability curves of the samples are characterized by a bi-exponential decay, with
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decay rate constants which depend on dye concentration. Therefore, two differ-
ent types of bleaching mechanisms, one for isolated molecules and another for
molecular aggregates, have to be taken into account.
4.1.3 Alq3
Motivation
In the previous Section, we emphasized that due to the SiO2 deposition method,
the organic molecules are subjected to thermal stress during the simultaneous
condensation of dye and matrix. It could cause a degradation, thus transforming
the molecules into potential traps for the created excitons. Yet, the stress could
also induce modifications in the initial structure of the molecules, leading to a
different spectral response. Therefore, the aim of the following investigation was
to support the above assumptions by experimental findings.
As a "sensor" dye for the changes the molecules undergo during the evaporation,
we chose Alq3. The idea behind is to take advantage of the possibility for thermal
conversion between the two geometrical isomers of Alq3 at high temperatures [83]
and their distinctive luminescence behavior.
The coexistence of the meridional and the facial isomers in the thin film was
stated by Curioni et al. [28, 29] on the basis of ab initio calculations of the ground-
state properties of isolated Alq3 molecules. In the facial isomer, the oxygen and
nitrogen atoms of the coordinating quinolate ligands share opposite faces of the
octahedral complex, while in the meridional isomer the latter atoms lie along
opposite edges of the octahedron (Fig. 4.25).
According to the theoretical results, the meridional isomer, observed in the α-
and β-phases of Alq3, is slightly lower in energy (by ∼ 4 - 5 kcal/mol, as reported
in [28, 78]). Hence, the facial isomer is the less stable one, but has a larger dipole
moment (7.9 D vs. 4.1 D for the mer -isomer [117]). Several studies argue for the
coexistence of these isomers in amorphous Alq3 thin films [79, 118]. Moreover, such
a coexistence is seen as a factor favoring the stability of the amorphous state itself,
which appears to be a prerequisite for good performance and thermal stability of
Alq3-based devices.
Recently Braun et al. [81] reported the existence of a crystalline phase of Alq3,
the δ-phase, showing blueshifted luminescence upon UV excitation. Later, a series
of experimental and theoretical results proving that the phase consists of facial
Alq3 molecules has been published [82, 119]. Along with the blueshifted lumines-
cence band, the δ-phase is characterized by a blueshifted excitation edge in the PL
absorption spectra, smaller Stokes shift between excitation and emission spectra
compared to the mer -Alq3, a simpler Raman IR spectrum (suggesting the higher
symmetry of fac-Alq3) [122], and a much lower triplet-state population during
luminescence [81].
The δ-phase was observed only in sublimed powders or in films prepared from
solutions of these powders. However, up to now no reports of blueshifted lumines-
cence in amorphous Alq3 films prepared by direct condensation on substrates at
room temperature are available.
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Figure 4.25: (a) Meridional and (b) facial Alq3 isomers. In the mer -Alq3 1, 2 and 3
denote the three ligands (from [117]).
On the other hand, our previous investigations on VD films of Alq3 embedded in
SiO2 by co-evaporation [120] and confirmed by Gehlhaar [112], have established
that the luminescence maximum shifts to higher energies (see Fig. 4.26). The
magnitude of the resulting shift strongly depends on the Alq3 concentration. We
attribute this behavior to the rigid matrix environment of the dye molecules and
thermal effects upon matrix condensation. On the basis of the spectral data, we
assume that during film growth, a transformation from mer - to fac-isomer Alq3
molecules occurs. Therefore, samples at equal Alq3 concentration, corresponding
to single-molecule distribution, but at various matrix evaporation rates and evap-
oration modes were prepared. Then, the luminescence peak position and intensity
as a function of the preparation conditions were studied in order to clarify the ori-
gin of the luminescence blue shift, as well as to find technological ways to prevent
undesired effects of the matrix on the organic molecules.
Results and discussion
Figure 4.26 depicts the normalized PL emission spectra of mixed films at differ-
ent Alq3 concentrations, recorded upon 370 nm UV excitation. The samples are
prepared via simultaneous deposition of e-beam SiO2 and thermally evaporated
Alq3. As a general trend, the PL maximum shifts to higher energies with dilution
of Alq3 in the SiO2 matrix. For the 0.01 vol% sample, the corresponding shift is
0.28 eV with respect to the pure Alq3 thin film.
This behavior implies the following possibilities: If one considers the influence
of the SiO2 environment as a dielectric medium, it is reasonable to expect a shift
of the PL emission maximum of the mixed layers with respect to the pure Alq3
film. Amorphous SiO2 has a static dielectric constant ε of 2.14 [92] and can thus
be regarded as a non-polar solvent. In Table 4.1 experimental results about the
spectral behavior of Alq3, dissolved in both polar and non-polar solvents are pre-
sented. Accordingly, no obvious relation in band shifts is observed with increasing
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Figure 4.26: Normalized photoluminescence emission spectra of Alq3 diluted in SiO2
films at various concentrations for 370 nm excitation.
concentration, but solvents with different polarity lead to changes in both absorp-
tion and emission maxima (consistent with results in reference [27]). Depending
on the deposition conditions, the reported PL maximum of VD Alq3 films varies
from 520 to 536 nm, thus in solution the emission shifts to the blue by up to 0.1
eV with respect to the Alq3 film. On the other hand, data reported for a shift of
the PL maximum of Alq3 due to solid state solvent effect have similar magnitude
(0.11 eV in [30]). Yet, this is far less than the spectral shift of ∼ 0.3 eV which we
observed in SiO2.
Conversely, Cölle and co-workers [82] have shown convincingly that such ex-
tremely blueshifted photoluminescence (about 0.2 eV) is characteristic for the high
temperature δ-Alq3 phase, containing facial isomer molecules. For Alq3 polycrys-
talline powder, it has also been proven that thermal interconversion between the
known Alq3 phases, respectively between the mer - and fac-isomers, is possible
[83].
Hence, we assume that during the process of co-evaporation, the Alq3 molecules
interact with the SiO2 particles upon condensation on the substrate, causing an
energy transfer. As a consequence, the Alq3 molecules can experience strong
local overheating (thermal stress) leading to formation of fac-isomer molecules, i.e.
isomer transformation of some of the molecules from mer - to fac-Alq3. Further,
the SiO2 matrix as rigid environment supports the conservation of the already
condensed fac-Alq3 molecules.
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Solvent polarity dye concentration λabs λexc λemis
mol/l (nm) (nm) (nm)
Chloroform 4.8 10−5 385 380 516
10−4 386 376 514
THF 7.6 10−5 392 390 528
10−4 393 388 528
CH2Cl2 8.9 10−5 387 386 531
10−4 387 381 534
DMSO 46.7 10−5 370 516
5x10−5 369 520
5x10−4 370 520
Table 4.1: Positions of the absorption, PL excitation and emission maxima for Alq3
in various solvents, arranged according to increasing polarity (according to
[121]).
As argued in the beginning of this Chapter, in mixed films at guest concentra-
tions around 1 vol% and below, predominantly ensembles of single molecules are
formed. Therefore, we interpret the luminescence shift as originating from a mix-
ture of both mer - (green luminescent) and fac-Alq3 (blue luminescent) molecules,
incorporated in the matrix during film growth. At low dye concentrations, there
are two effects: (i) the transferred energy per Alq3 molecule is higher, thus the
probability for fac-transformation increases (ii) the matrix becomes denser, which
is a prerequisite for conservation of the fac-Alq3 molecules. Hence, the resulting
PL shift is more pronounced.
On the basis of these considerations, we examined Alq3/SiO2 films at 0.5 vol%
Alq3, embedded in the matrix by different preparation conditions. Figure 4.27
shows the PL emission spectra of mixed films prepared at various SiO2 effective
evaporation rates. These rates correspond to different thermal power of the matrix
particles. Thus, the released energy during the condensation of SiO2 is influenced.
The results show that with decreasing rate, the PL maximum shifts to higher en-
ergies, from 2.58 eV to 2.71 eV, and the band broadens significantly. The observed
blue shift is associated with a change in the spectral shape, which is less symmetric
for the lower evaporation rates. Also, the integral PL intensity increases at the
same Alq3 concentration. This means that, although the samples have equal Alq3
content, alterations in the preparation conditions strongly influence the optical
response of the films.
The changes the organic molecules undergo during co-evaporation can be eval-
uated by separating the contribution of both Alq3 isomers on the overall lumines-
cence. For this purpose, we compared the emission of a neat Alq3 film with that of
Alq3 molecules diluted in the matrix at the above concentration of 0.5 vol%. The
thickness of the pure film is 500 Å and the total thickness of the mixed film is 10
µm, respectively. This corresponds to an equal dye quantity in both layers. For
the δ-phase of Alq3, containing the facial isomer, the PL excitation spectra show a
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Figure 4.27: PL emission spectra of 0.5 vol% Alq3 in SiO2 thin films at various matrix
evaporation rates; excitation wavelength 370 nm. The total thickness of
the samples is 2000 Å.
sharp excitation edge at 426 nm [81]. Thus, the PL emission spectra are recorded
using excitation at 370 nm and 440 nm (above the referred excitation edge). The
excitation spectra were recorded at detection wavelengths 530 nm and 470 nm,
which are the characteristic peak positions of the blue and green luminescent Alq3.
The corresponding results are presented in Fig. 4.28.
The absorption bands of the pure Alq3 film are located at 3.69 eV (336 nm) and
3.15 eV (393 nm). For comparison, in solution (i.e. mer -Alq3) a broad and intense
absorption band of Alq3 has maximum between 370 and 390 nm (cf. Table 4.1).
Additionally, as in thin film, there is a weak absorption band located at 333 nm.
In this respect, a theoretical evaluation [119] predicts for both Alq3 isomers nine
low energy bands, overlapped to produce a rather broad feature. The excitation
values for the meridional isomer are computed to be between 379 and 417 nm,
those having greater oscillator strength are positioned at 394, 417 and 427 nm.
In contrast, for the fac-isomer, the most intense computed excitation is located
at 429 nm (oscillator strength f = 0.0588; for details see [119]). On the other
hand, the PL excitation spectra of the mixed film show no distinctive bands. A
peak analysis gives 3.69 eV as a possible center of absorption band. However,
this has to be assumed only as a tentative figure, related to the mixed system as
such. Although the matrix absorbs only slightly in the spectral range of the dye,
to resolve the contribution of both species is not trivial, since the exact position
of the base line is not known.
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Figure 4.28: Photoluminescence excitation and emission spectra of (a) pure Alq3 and
(b) mixed 0.5 vol% Alq3/SiO2 films. Emission spectra are recorded by
using excitation at 370 nm and 440 nm. Excitation spectra are recorded
at detection wavelengths of 470 nm and 530 nm. All measurements are
carried out at RT.
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Figure 4.29: Gaussian fits of the PL emission spectra of 0.5 vol% Alq3/SiO2 film
for (a) 440 nm and (b) 370 nm excitation.
The PL emission spectra of the pure Alq3 sample are characterized by a broad
band, with maximum at 536 nm (2.31 eV). While the spectral position of the PL
maximum of the pure film is independent of the excitation wavelength, the peak
position of the Alq3/SiO2 film significantly depends on the excitation wavelength:
There is a shift of the PL maximum between 465 nm (2.67 eV) at 370 nm ex-
citation and 520 nm (2.38 eV) at 440 nm excitation, respectively. Thereby, the
emission spectra obtained at different excitation wavelengths denote the existence
of two different species. Consequently, the luminescence of the mixed film could
be described as consisting of green and blue luminescent components. The shift
of the PL maximum of the mixed Alq3/SiO2 film in dependence on the excitation
wavelength is used to evaluate the contribution of these components on the overall
luminescence. A peak position of 2.377 eV and a FWHM of 0.389 eV corresponding
to green luminescent Alq3 molecules are obtained by fitting the emission spectrum
for excitation at 440 nm with a Gaussian centered at the most apparent spectral
feature (Fig. 4.29a). These data are substituted in another fitting procedure to
which the emission spectrum at excitation 370 nm was subjected. Thus, a peak
position of 2.715 eV and a FWHM of 0.458 eV for the blue luminescent Alq3 are
defined (Fig. 4.29b).
The described approach is applied to the emission spectra of the samples pre-
pared at different evaporation rates of the SiO2 matrix. From the fits, the PL
integral intensities Igr (green) and Ibl (blue), corresponding to both components
were inferred. The results for the peak positions, band widths (FWHM) derived
from the fitting are listed in Table 4.2 and presented in Fig. 4.30.
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Figure 4.30: Relative intensities of the blue Ibl and green Igr luminescent components
of 0.5 vol% Alq3/SiO2 films in dependence on the matrix evaporation rate.
vd (Å/s) 5 2.5 0.2 0.1
Egmax (eV) 2.377 2.369 2.372 2.370
FWHMg (eV) 0.386 0.376 0.401 0.380
Eblmax (eV) 2.716 2.721 2.718 2.720
FWHMbl (eV) 0.459 0.463 0.463 0.461
Table 4.2: Spectral positions and band widths of the blue and green luminescent Alq3
components in the fluorescence spectra of mixed 0.5 vol% Alq3/SiO2 samples
in dependence on the matrix evaporation rate.
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Accordingly, by decreasing the matrix evaporation rate, it is possible to obtain
mixed films with enhanced contribution of blue luminescent Alq3 species. The
increased overall PL efficiency further confirms the presence of more blue lumi-
nescent molecules, since, as referred in [83], the blue-luminescent Alq3 has higher
PL quantum efficiency.
We explain the increased blue luminescence at low SiO2 evaporation rates by
the influence of the matrix structural properties on the organic molecules. The
inorganic matrix in composite films represents a rigid environment for the dye
molecules. Structural investigations of pure SiO2 films have shown that their
quality strongly depends on the energy of the impinging particles. When the
latter have low energy (i.e. at low evaporation rates), fewer nuclei are produced,
but they have limited mobility. The probability for the film to preserve its initial
structure is higher. Thus, the obtained film is denser and has less structural
defects in comparison to layers at higher energy of the matrix particles. A rigid
matrix with such properties could easily assist the preservation of the already
condensed facial Alq3 molecules, restricting the possibility for their conversion in
the energetically more stable meridional isomer.
In Ref. [122], Cölle et al. have reported results from a vibrational analysis of the
two crystalline phases of Alq3 - α-Alq3 and δ-Alq3. They have found significant
differences in the IR spectra of the two phases, explaining them in terms of the
different symmetries of the facial and meridional isomer. The δ-phase IR spectrum
shows less features, thus indicating the higher symmetry of the facial isomer. So,
in order to prove the presence of fac-isomer Alq3, mixed layers were subjected to
FTIR spectroscopy. For that reason, samples of 0.5 vol% Alq3 diluted in 10 µm
SiO2 on KBr pellets were prepared. The thicknesses of the pure Alq3 reference
layer were 500 Å. Unfortunately, at this low dye content it was impossible to obtain
significant IR signal from the mixed layers and to obtain information about the
isomerism of Alq3 in the SiO2 matrix.
As a way to reduce thermal energy interactions between matrix and dye molecules,
we further applied a layer-by-layer approach. Experiments with separate conden-
sation of SiO2 and Alq3 were carried out. This was achieved by varying the
aperture in the rotating disk for the layer-by-layer evaporation, starting from 360◦
(equal to co-evaporation) through 36◦ to 18◦. It corresponds to alteration of the
time for condensation between the successive dye and matrix sublayers on the
substrate from 0 up to 0.45 seconds. The recorded photoluminescence of two
samples at 0.5 vol% Alq3 in SiO2, obtained by separate (18◦ disk aperture) and
co-evaporation are presented in Fig. 4.31. A comparison shows that the PL max-
imum is still shifted to higher energies and the PL intensity is higher, even when
both materials condense separately in time. Thus, although the time between
the encounter of molecules of two successive dye and matrix sublayers can be af-
fected, for the experimental set-up used, layer-by-layer mode could not inhibit
energy interactions between matrix and Alq3 molecules. Additionally, the results
demonstrate that the improved matrix rigidity and isolation of monomers in the
initial state, ensured by the layer-by-layer mode, are the more important effects
for obtaining fac-Alq3 molecules.
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Figure 4.31: PL emission spectra of 0.5 vol% Alq3 in SiO2 films (1000 Å total film
thickness) deposited by co- and layer-by-layer evaporation modes. The
evaporation rate of the SiO2 is 1 Å/s. Spectra are recorded at 370 nm
excitation wavelength.
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Figure 4.32: Time dependence of the peak luminescence intensity for mixed Alq3/SiO2
samples at 0.5 vol% dye concentration, grown at different matrix deposition
rate.
We performed photostability measurements which indirectly confirm the above
considerations about the growth morphology of the SiO2 matrix. Figure 4.32
presents the evolution of the peak luminescence intensity of Alq3/SiO2 samples
in time upon photoexcitation by cw-HeCd laser light at 442 nm. The irradiation
intensity is 3.82 W/cm2. Both samples have equal dye concentration, but are
grown at low and high matrix evaporation rate. The decay behavior of the PL
intensity is similar to the one observed for mixed MePTCDI/SiO2 or PTCDA/SiO2
layers, characterized by a steep initial region, followed by a slower decay. The
evolution of the curves can be associated with the heterogeneous environment of
Alq3 molecules within the SiO2 matrix. Molecules can be located in open pores or
defects, or trapped in a dense matrix environment. Dye molecules located in open
pores degrade fast, while Alq3 molecules immobilized in the matrix take much
longer to be bleached. For the region after the fast decay in the beginning, an
exponential decay law can be used:
IF (t) = A exp(−t/τ). (4.4)
The defined time constants differ by a factor 2 in favor of the sample grown at
lower matrix evaporation rate (3.4 x 104 s vs. 1.7 x 104 s). The relative decrease
in the PL integral intensity due to the irradiation is 24 % for the sample grown at
3 Å/s, compared to 46 % for the sample grown at 6 Å/s SiO2 evaporation rate.
Hence, the microstructure of the host has to be considered as a crucial factor for
the photostability of the system. A dense and homogeneous matrix represents
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a favorable environment, since dye molecules located within matrix pores or in
regions with structural defects are more accessible for the influence of oxygen.
In contrast, molecules trapped in a dense host environment have less vibrational
and translational modes of excitation, and therefore should be less susceptible to
photodegradation.
Summary
To summarize, we established a blue shift of the PL maximum corresponding to
isolated Alq3 molecules in a SiO2 matrix. At a given guest to host volume ratio,
the PL intensity depends strongly on the matrix evaporation rate. Increased PL
efficiency is obtained at lower evaporation rates. We explain these effects as a result
of the formation of fac-Alq3 molecules. Two parameters influence the presence of
facial molecules: First, local heating of Alq3 molecules during film growth causes
meridional to facial isomer transformation. Second, the rigid matrix supports the
conservation of the already transformed fac-Alq3 molecules.
Furthermore, we demonstrated that the variation of the deposition conditions
can be used as an effective way to obtain mixed layers with increased contribution
of blue compared to green luminescence, if films with this quality are beneficial
for practical applications. The increased contribution of facial Alq3 molecules in
the layer-by-layer grown films is explained by the improved rigidity of the matrix
environment and the more homogeneous isolation of monomers. The result is thus
in accordance with the established findings for the perylene derivatives MePTCDI
and PTCDA embedded in SiO2.
We have shown that at lower evaporation rates, the matrix grows with reduced
porosity, consequently favoring the photostability of embedded organic molecules.
Again, the results of films of Alq3 diluted in SiO2 back the assumption of ther-
mal stress upon the organic molecules during their incorporation in the inorganic
matrix. As noted in the beginning, such an effect could lead in general to unwel-
come modifications of the initial molecules, manifesting themselves in decreased
PL efficiency or even in loss of luminescence properties.
4.1.4 2,2-Difluoro-1,3,2-dioxaborine derivatives
Until now, comprehensive studies on the luminescence of liquid solutions or crys-
tals of 2,2-difluoro-1,3,2-dioxaborine derivatives have been reported. In this Sec-
tion, we present first results on the optical response of solid solutions of these
compounds. They are known to build crystalline structures in the solid state,
hence it is reasonable to expect an alteration in spectral behavior upon incorpo-
ration of the molecules in the rigid SiO2 matrix. On the other hand, in solution,
the 2,2-difluoro-1,3,2-dioxaborines absorb in the blue-green spectral region and
exhibit relatively large Stokes shift. So, the latter properties in combination with
the mechanical and chemical stability of the matrix could be in addition favor-
able for application of the mixed layers in luminescence conversion devices (more
details about the LUCO principle will be presented in Chapter 6).
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Figure 4.33: Absorption, PL excitation and emission spectra of GG277 in solution and
in thin film. Emission spectra are recorded at 325 nm (solution) and 350
nm (film) excitation wavelength. PL excitation spectrum of the thin film
is recorded at 540 nm detection wavelength.
The 2,2-difluoro-1,3,2-dioxaborine dyes GG277, GG274, and GG142B were em-
bedded in the SiO2 matrix at concentrations from 0.5 to 3 vol%. The absorption
and luminescence properties of the dyes in the mixed films were compared with the
corresponding in solution and of neat dye film. Figures 4.33, 4.34, and 4.35 present
the absorption and emission spectra of the dyes, dissolved in chlorobenzene, and
of the VD thin films. The results for the absorption and emission maxima for all
GG-dyes in both systems are summarized in Table 4.3.
In general, the absorption and luminescence spectra display mirror symmetry.
As chlorobenzene is a solvent with a relatively low polarity, the absorption and
emission peak positions of GG277 in solution are similar to the reported for the
dye, dissolved in CH2Cl2 [86]. The GG274 dye in solution, where the rotation of
the phenyl ring is blocked, absorbs in the same spectral range as GG277, however
the absorption band is much broader and is more structured, with separate ab-
sorption band located at 323 nm. The emission maximum is red-shifted by about
28 nm. On the other hand, the GG142B solution is characterized by the smallest
Stokes shift - only 21 nm compared to 31 nm for GG277 and 60 nm for GG274.
However, these values are quite large compared to the Stokes shift for the perylene
derivatives MePTCDI and PTCDA already presented, where the shift amounts to
∼ 11 nm.
Measurements of the PL quantum yield of the molecules in solution [86, 89]
show that GG274 is most efficient with φPL between 0.74 - 0.84, whereas for
the unbridged molecules, φPL amounts up to 0.39 in slightly polar solvents. The
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Figure 4.34: Absorption, PL excitation and emission spectra of GG142b in solution and
in thin film. Emission spectra are recorded at 325 nm (solution) and 410
nm (film) excitation wavelength. PL excitation spectrum of the thin film
is recorded at 530 nm detection wavelength.
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Figure 4.35: Absorption, PL excitation and emission spectra of GG274 in solution and
in thin film. Emission spectra are recorded at 325 nm (solution) and 370
nm (film) excitation wavelength. PL excitation spectrum of the thin film
is recorded at 500 nm detection wavelength.
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Dye λmax (nm) chlorobenzene solid state
GG277 λabs 362 352, 385, 417
λemis 393 473, 497s, 529s
GG142B λabs 323, 394, 412 324, 388, 412
λemis 433, 449 500, 531s
GG274 λabs 323, 361, 376s 321, 367, 388
λemis 421 440s, 475, 494
Table 4.3: Positions of the absorption, PL excitation, and PL emission maxima for the
GG-dyes in solution and in thin film (s denotes shoulder).
Figure 4.36: Formation of rotamers in GG142B.
increased efficiency of the bridged molecule is attributed to the fixed position of
the substituent. The internal rotation around a single bond, as in GG277 and
GG142B, leads to dissipation of the excited-state energy. Thus, the formation
of rotamers with different position of the phenyl rings relatively to the plane of
the diketonate cycle (see Figure 4.36), is established to represent a significant
non-radiative deactivation channel [123, 124].
At first glance, the VD GG-dyes thin films are rather crystalline, characterized
by strong opalescence. AFM studies confirm that the films have micro-crystalline
structure (Fig. 4.37). The lateral crystallite dimensions are of the order of 500
- 1000 nm. There is no preferential orientation of the crystallites visible in the
AFM images.
In contrast to the dissolved molecules, the absorption of the thin solid films of
GG-dyes is characterized by broad bands, the most structured one being that of
GG142B. At the same time, a close comparison with the solution spectra shows
that the monomer absorption peaks can be distinguished in the thin film spectra.
In addition, the band edges are shifted to longer wavelengths, compared to the
dissolved molecules. The thin film luminescence is red shifted by 67 to 80 nm with
respect to the monomer emission, and is quite intense. Still, on the low-energy
side of the GG274 thin film emission, the contribution of the monomers can be
identified. As presented in the experimental section of the thesis, in the crystal
lattice of GG277 and GG142B the molecules are planar and stacked in parallel
planes, separated in out-of-plane direction by only ∼ 3.5 Å [87]. Also, two close
molecules are oriented along opposite directions. Thus, the bathochromic shift is
attributed to transitions with a charge transfer character, involving two molecules
lying in neighboring parallel planes. Here, the aryl group of each molecule acts as
an electron donor to the dioxaborine moiety of the other molecule. On the other
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Figure 4.37: AFM image of vacuum deposited pure GG142B film on glass substrate
(image section: 5.00 x 5.00 µm). The film thickness is 4000 Å.
hand, there is no thorough information about the crystal structure of GG274.
However, taking into account the nearly planar structure of the molecule and the
resemblances to the arrangement of the molecules in the crystal lattice of ABMBF
and DBMBF and their derivatives [89, 125], one cannot exclude the formation of
charge-transfer states as well. Figures 4.38, 4.39, and 4.40 display results from
PL excitation and emission measurements of GG-dyes distributed in SiO2 matrix.
At this film thickness and dilution range, it was possible to obtain reliable optical
absorption spectra only of the mixed layers at the highest dye concentration.
However, as argued in the experimental section, both spectra are quite identical
as can be seen from the spectra in Fig. 4.41.
The luminescence spectra of the mixed layers follow the tendencies established
for the embedded perylene derivatives. Spectral shape and peak positions of the
excitation spectra only insignificantly depend on dye concentration, showing a
slight broadening and red shift by a few nanometers. In comparison to solutions,
the absorption maxima of the deposited films are located at similar wavelengths,
however shifted to lower energies by up to 4 nm. The peakwidths for GG277 and
GG274 are only somewhat larger with respect to the monomer absorptions, while
for GG142B the broadening is more pronounced and individual features can not
be resolved. The latter can be indicative for a higher degree of interaction between
matrix and dye. The GG142B molecule comprises two phenyl rings attached to
the diketonate ring. If one considers the rigidity of the host and the smaller
dimensions of the host particles with respect to the incorporated dye molecules,
the SiO2 particles could effectively fill the spaces around the ligands during the
condensation process. Hence, the altered environment could lead to an energetic
modification of the excited state. Additionally, the PL excitation spectra of the
mixed samples at concentrations 2 vol% and below exhibit only weak dependence
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Figure 4.38: PL excitation and emission spectra of GG277 dye diluted in SiO2 matrix.
Emission is recorded for 350 nm excitation, whereas PL excitation spectra
are recorded at 415 nm detection wavelength. The total film thickness is
1000 Å.
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Figure 4.39: PL excitation and emission spectra of GG142B dye incorporated in SiO2
matrix. Emission is recorded for 410 nm excitation wavelength. PL ex-
citation spectra are recorded at 505 nm detection wavelength. The total
film thickness is 1000 Å.
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Figure 4.40: PL excitation and emission spectra of GG274 dye diluted in SiO2 matrix.
The films are excited by 370 nm wavelength, the emission detection wave-
length for the PL excitation spectra is 505 nm. The total film thickness is
1000 Å.
on the emission detection wavelength, revealed again in minor spectral broadening
upon detection at longer emission wavelengths (see Fig. 4.42). This observation
suggests a low degree of intermolecular interactions.
Upon increasing dye quantity, the emission spectra undergo significant changes
in both shape and intensity. The peak positions are located at higher wavelengths
than in solution. In general, the Stokes shift between absorption and emission is
dye dependent, the largest one is obtained for mixed GG274/SiO2 layers (e.g., 64
nm at 0.5 vol%). Comparison between the luminescence of the dye molecules dis-
solved and incorporated within the matrix indicates that the emission of the most
diluted samples originates from excited states with similar geometry as the ground
state. However, upon increasing concentration, additional bands at longer wave-
lengths appear and gain intensity. The spectral shape of the mixed GG274/SiO2
layers changes most dramatically. Since the absorption of the embedded dyes is
similar to that of the dissolved dyes, we assign the low energy bands in the emission
spectra to excited dimers, formed by the association of ground-state and excited
molecules.
Figure 4.43 presents the integral luminescence intensity of the mixed layers as
a function of dye concentration. Because the spectra are normalized for equal dye
quantity, they could be regarded as a measure of the luminescence efficiency. Ac-
cordingly, for all dyes dilution in the SiO2 matrix leads to increased efficiency. The
lowest efficiency of the mixed GG274/SiO2 films is easy to comprehend according
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Figure 4.41: Comparison between the absorption and PL excitation spectra of GG274
dye diluted at 3 vol% in SiO2 matrix.
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Figure 4.42: Normalized PL excitation and emission spectra of GG142B dye diluted
at 2 vol% in SiO2 matrix in dependence on the detection excitation and
emission wavelengths.
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Figure 4.43: Normalized to equal dye quantity integral luminescence intensity of the
GG-dye diluted in SiO2 matrix as function of concentration.
to the observed emission spectra. This behavior is expected, considering the poly-
crystalline character of the pure GG-films, and is in agreement with the established
one for embedded MePTCDI molecules. In contrast, however, the incorporation
of GG-molecules in the matrix results in higher luminescence efficiencies with re-
spect to the pure VD dye films only for concentrations ≤ 1 vol%. Following the
deposition procedure described in Section 4.1.2, it was possible to obtain mixed
GG-dye/SiO2 films of micrometer thickness and to define absolute values of the
luminescence quantum yield. φext is in the range 0.05 to 0.13 depending on the
dye, the highest efficiency showing GG142B/SiO2 films.
Such results could be partly due to the low thermal stability of the studied
GG-dyes. For GG277 and GG274, typical evaporation rates of 0.2 - 0.4 Å/s are
obtained at relatively low temperatures in the range 90◦C - 110◦C. The GG142B
dye makes an exception with 190◦C - 200◦C sublimation temperature. If we con-
sider the influence of the thermal stress upon condensation, the presence of only
a small number of destroyed dye molecules will lead to luminescence losses, even
at low concentrations, where the intermolecular energy transfer is inhibited. On
the other hand, in comparison to the perylene derivatives, the overlap between
molecules of neighboring layers in the stack is smaller. Hence, the intermolecu-
lar interactions should have less influence on the efficiency of the pure layers and
the transition to monomers should not lead to as considerable alterations in the
luminescence efficiency as in the case of, e.g., MePTCDI.
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4.2 Organic dyes dispersed in polyimide matrix
4.2.1 Neat polyimide films
A suitable candidate for a matrix material allowing softer condensation conditions
for the dye molecules during their incorporation is polyimide. In recent years, aro-
matic polyimides have attracted enormous interest for optoelectronic applications.
There are various studies demonstrating that PI could be quite successfully used
as a hole transport or light emitting material [126]. The synthesized PI light emit-
ting materials can contain perylene or fluorine moieties [54, 93, 127, 128, 129, 139].
Investigations of PI films doped with dyes, metal-organic compounds, or metal ox-
ides show that they are a feasible matrix for organic electroluminescence devices
[53], active layers in microcavities [130], etc.
Concerning the present study, PI is also an organic material, which makes it
compatible with the organic dyes to be embedded. The evaporation temperature of
the initial monomers PMDA and ODA is between 140◦C and 180◦C. The necessary
thermal treatment of the monomer mixture in order to obtain the final PI matrix is
usually carried out at temperatures in the range 170◦C - 300◦C. This temperature
interval is considerably lower or of identical magnitude compared to the mean
evaporation temperatures of the used dyes (e.g. 300◦C - 350◦C for MePTCDI,
200◦C - 250◦C for Alq3 depending on the evaporation rate).
Before going into a more detailed discussion about the luminescent properties
of dye-doped PI films, we first present results regarding the structural and optical
features of the neat matrix layers.
All films obtained by VDP exhibit good adhesion over the whole area of the
substrate. The as-grown layers are optically transparent and homogeneous. The
thermally treated PI films are also transparent, however slightly yellowish-brown.
This additional coloration usually accompanies the transformation of the initial
monomers to polyimide. No opalescence, typical for the excess of ODA in the
cured films, is observed. The latter indicates the stoichiometric composition
(ODA:PMDA = 1:1) of the PI films.
An overview of literature shows that the degree of imidization is a decisive
factor for the quality of the obtained PI films. This parameter is connected to the
percentage of the participated in the chemical reaction initial monomers and is
determined from FTIR measurements. Generally, the imidization is followed by
disappearance of the anhydride peaks, positioned at 1860, 1806 or 1770 cm−1 for
PMDA, in the IR spectra [132]. Additionally, the imidization degree is determined
by comparing the absorption of the imide groups at 1380 cm−1 or 1776 cm−1 with
that of phenyl groups at 1500 cm−1 as a standard [133], or by normalizing the
ratio of the imide band area at 1776 cm−1 to a reference band area at 1012 cm−1,
which originates from invariant aromatic vibration [134].
However, the degree of imidization depends strongly on the thermal treatment
conditions, as evident from the summarized results in Table 4.4 (for additional
data see also [134]). The PI films subjected to prolonged thermal treatment at
lower temperatures contain more unreacted material and are characterized by
lower micro hardness values, while a higher temperature at the second stage of
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Film thickness Thermal treatment Degree of imidization
(µm) (%)
1 30min/175◦C + 30min/300◦C (dry N2) > 30 - 50[131]
1 6h/170◦C (air) 36.8[26]
1 1h/170◦C + 1h/250◦C (air) 40.2[26]
1 1h/170◦C + 1h/350◦C (air) 63.4[26]
Table 4.4: Imidization degree of PI films as function of thermal treatment conditions.
Data are taken from Refs. [26, 131].
IR band (cm−1) Absorption band
1116 Imide III (OC)2NC
1378 Imide II C-N stretch
1500 Aromatic C=C stretch
1660 Amide I C=O stretch
1722 Imide I asym. C=O stretch
1775 Imide I sym. C=O stretch
1860 Asym. C=O stretch (anhydride)
Table 4.5: Assignment of the major peaks in the FTIR spectrum of the thermally treated
5000 Å PI film (data from [136]).
the curing process determines lower values of the relative dielectric constant εr of
the films [135].
For the FTIR spectroscopy study, we prepared neat matrix samples at 5000 Å
thickness on KBr pellets. The as-grown films were thermally treated in order to
follow the behavior of the initial monomers upon heating. Figure 4.44 presents
the corresponding FTIR spectra of an as-grown film and a film, cured for one
hour at 180◦C, followed by 1 hour at 250◦C. The major spectral features are
summarized in Table 4.5. The assignment of the peaks is based on Ref. [136]. It
can be seen that the thermally treated film shows pure imide peaks (at 1775.13;
1722.06 and 1378.68 cm−1) and no anhydride peaks. This result further evinces
the stoichiometric composition of the samples. On the other hand, the absence of
absorption bands around 1660 and 1550 cm−1, which are indicative for the presence
of secondary amide of the polyamic acid (-CO-NHR-) reveals that the polyamic
acid has disappeared upon curing. The imide band at 1380 cm−1 has been used
to determine the degree of imidization. Peak height and area were normalized to
those of the band at 1500 cm−1, which is assumed to remain unchanged during
the polycondensation reaction [137]. Thus, the evaluated imidization degree for
the studied neat sample is 38.2 %. The value agrees well with the corresponding
data in Table 4.4 and points at a good quality of our PI films.
Absorption spectra of PI films in dependence on the curing temperature are
presented in Fig. 4.45. The absorbance of the as-deposited film, which represents
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Figure 4.44: FTIR spectra of PI films: as-grown and thermally treated (1 h at 180◦C,
followed by 1 h at 250◦C); film thickness 5000 Å. An assignment of the
peaks is given in Table 4.5.
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Figure 4.45: Absorption spectra of neat PI films cured at different temperatures.
a mixture of the initial monomers PMDA and ODA, is given for comparison. It is
evident from the spectra that there is no absorption feature in the spectral range
from 400 to 800 nm. Upon curing, substantial changes in absorption do not appear
until temperatures above 150◦C. The broad absorption band at 360 nm of the films
cured at 200◦C and 250◦C is indicative for the formation of polyimide. Published
data confirm that the imidization process starts at temperatures of about 150◦C
- 175◦C [134, 138].
Upon heating above 200◦C - 210◦C, the polycondensation reaction between
PMDA and ODA is accompanied by shrinkage of the film thickness [26, 134, 138].
The effect is due to dehydration process, and exists for films cast from solution to
solvent evaporation as well [153]. For the PI films used in this study, we defined
the contraction comparing the transmittance and reflectance spectra of cured and
as-grown films. Due to curing, the films contract by about 15 % to 20 %, which
corresponds to values reported for vacuum deposited PI films [26, 134].
The optical spectra of all investigated samples were recorded with unpolarized
light, as introduced in the experimental Chapter of the work. For PI films, though,
it is known that they are characterized by intrinsic birefringence. This holds true
for both films cast from solution and vacuum deposited films. Extensive optical
studies have shown that the aromatic rings within the PI backbone contribute
essentially to the refractive index, thus the anisotropy in polymer chain orientation
is dominant factor for the appearance of the birefringence [131]. In literature, the
obtained birefringence for PMDA - ODA polyimide varies from 0.34 [94] to 0.078
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Figure 4.46: Optical constants of a neat PI film, treated thermally for 1 hour at 200◦C.
(Dupont RC5878) - 0.042 [131]. Yet, our interest in PI being as a host material
only in linear optical applications, it was quite sufficient to define the mean value of
the refractive index. The n and k values of neat PI films have been determined by
fitting the experimentally recorded spectra using Film Wizard and a one oscillator
LOM. Results from the fit for a PI film, cured 1h at 200◦C, are presented in Fig.
4.46. The obtained n at 633 nm is 1.69, which is close to the values for VD PI
films referred in [131].
We further recorded PL emission spectra of neat 1000 Å PI films at wavelengths
corresponding to those used for characterization of the luminescent properties of
the dye molecules embedded in the matrix. They show only a weak featureless sig-
nal. Also, no visible dependence of the signal on the thermal treatment conditions
was detected.
Hence, the accumulated results concerning the optical characterization of the
obtained VD PI films, along with the possibility to chose the curing tempera-
ture range with respect to the embedded dye without influencing strongly the PI
properties, demonstrate the suitability of polyimide as opically inert matrix.
4.2.2 Mixed MePTCDI/PI thin films
We investigated the optical response of MePTCDI molecules embedded in the PI
matrix in order to clarify the influence of the matrix environment and to contrast
both types of inactive matrices - organic and inorganic.
The concentration range of dispersed MePTCDI molecules studied is 0.2 - 3
vol%. Samples were grown by simultaneous condensation of both precursors ODA
and PMDA, and dye on rotating substrates.
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Figure 4.47: Absorption spectra of 2 vol% MePTCDI in PI films cured at different
temperatures. The total thickness of the layers is 5000 Å.
We already discussed the importance of thermal treatment for the physical prop-
erties of the PI matrix. Therefore, it is reasonable to expect that the absorption
and luminescence of the MePTCDI/PI layers would also be influenced by the
curing process. On the other hand, spectral features depend on the molecular
packing [84]. Thus, visible absorption spectroscopy can be used for drawing con-
clusions about the film microstructure. Figure 4.47 shows the room-temperature
absorption spectra of 2 vol% MePTCDI embedded in a PI matrix in dependence on
thermal treatment conditions. The as-grown film has a prominent absorption band
at 546 nm and a broader one, centered at 504 nm, with a pronounced shoulder at
481 nm. Comparison with the absorption spectrum of pure crystalline MePTCDI
film (cf. Fig. 4.4) shows that at this dye quantity (100 Å dye total thickness), the
untreated mixed film consists basically of molecular aggregates. Upon increasing
curing temperature, several effects are observed. First, an absorption band cen-
tered at around 360 nm appears. It is common for all investigated samples cured
at temperatures above 170◦C and is, as already noted, typical for the formation
of polyimide from the initial monomers PMDA and ODA. The appearance of this
band confirms literature results that the imidization of doped polyamic acid occurs
despite the presence of dopant molecules [53, 54, 138].
Second, as a general trend, with increasing temperature there is a shift of the
absorption band to higher energies (∼ 38 meV for the film cured at 250◦C with
respect to the as-grown film), accompanied by bandwidth narrowing. In addition,
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the ratio between the relative heights of the peaks centered around 538 nm and 500
nm changes in favor of the first peak. The shoulder at 480 nm grows to a discrete
peak. Judging from the positions of the peaks and their relative intensities (see for
comparison the absorption spectrum of the monomer in Fig. 4.3), the absorption
could be interpreted as originating from both isolated MePTCDI molecules and a
small portion of low-order aggregates.
These observations imply that during the heat treatment, a considerable part of
the molecular aggregates transforms into monomers. Upon curing above 180◦C,
the spectral changes in the recorded absorption spectra are induced mainly by
alternating contribution of monomers with respect to dimers. The increment of
the height ratio of the peaks at 538 nm and 500 nm with increasing curing tem-
perature clearly indicates that the quantity of absorbing monomers increases. The
contribution of isolated MePTCDI molecules in the spectrum at 250◦C is predom-
inant, resulting in an intensified vibronic band at 538 nm, corresponding to the 0-0
peak of the S0 - S1 transition. The narrowing of the absorption band with growing
curing temperature can thus be due to reduced intermolecular interactions.
At a first glance, the effect is rather surprising, based on the assumption for
increased mobility of the dye molecules upon increasing temperature and hence
enhanced aggregate formation. In fact, annealing of polymer/fullerene blend films
generally results in larger fullerene crystals, as in e.g MDMO-PPV:PCBM or
P3HT:PCBM (for details see e.g. [166]). However, the data reported concern
mostly films prepared by spin coating. Thus, the mobility of the components, and
accordingly the changes in blend morphology upon thermal treatment, have to be
considered as affected by complex parameters, such as type of solvent, composition
between polymer and fullerene, chemical structure and solubility of the materials,
etc. On the other hand, in the present study we examine films grown by VDP,
therefore solvent influence is excluded. We consider the following possibilities for
explanation of these findings. First, the MePTCDI molecules can react chemi-
cally with the PI precursors or with products of the chemical reaction during their
transformation to polyimide. Second, Salem et al. [131] reported more random
chain orientation in VDP polyimide films than in solution cast films. Hence, the
formation of polymer chains could lead to separation of dye molecules and their
encapsulation within the polymer net. Taking into consideration the appearance
of absorption features typical for PI upon increasing temperature, the latter ex-
planation is the more plausible, although the first could not be excluded.
The established changes in the absorption of cured MePTCDI/PI films as well
as the above reasoning are consistent with results published by Sakikabara et al.
[138]. They describe a similar behavior when CuPc or metal-free phthalocyanine
(H2Pc) molecules are embedded in polyimide matrix. Upon heating, the absorp-
tion of Pc changes from basically crystalline to enhanced monomer. The effect is
explained by breaking of the α-form micro crystals into smaller pieces, the driving
force for this effect being the morphological changes of the matrix. In contrast, in
polyurea matrix, also prepared by VDP, CuPc microcrystalline structure changes
only slightly after heating [138]. As argued above, the chemical transformation of
polyamic acid into polyimide upon thermal treatment is accompanied by a con-
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traction of film volume. Thus, the polymer environment exerts stress upon the
embedded dye molecules, resulting in break up of micro crystals and unstable ag-
gregates into isolated molecules. The minimum temperature for the occurrence
of such transformations is defined to correspond to the imidization temperature
of the studied polymer, which is in agreement with the results presented here.
Thermal treatment of polyurea, however, does not induce any chemical reaction
between the initial monomers, but only thermal motion of polymer chains. Thus,
the polycondensation reaction plays a significant role for the observed modifica-
tions in absorption.
The absorption spectra of mixed MePTCDI/PI films at concentrations in the
range between 1 and 3 vol% confirm the behavior discussed above. Thermal treat-
ment causes alteration in matrix structure, influencing the molecular distribution
towards size reduction and separation. As expected, the effect is less significant
for more diluted samples, 0.2 - 0.8 vol%, where the low dye coverage with mean
distance between the molecules > 50 Å predetermines nearly monomer distribu-
tion.
Figure 4.48 depicts the corresponding luminescence emission spectra of the 2
vol% MePTCDI/PI sample. In general, compared to that in SiO2 matrix at the
same dye quantity, the luminescence response in the case of PI matrix is quite
difficult to interpret. Similar to the absorption, the luminescence of the as-grown
film is easily comparable with the PL spectrum of a neat MePTCDI layer (cf. Fig.
4.49). The emission is an excimer-type, characterized by a broad, structureless
band, centered at longer wavelengths. It is thus consistent with the assumption for
significant dye aggregation in the uncured mixed film. Another spectral feature
is the slight indication for a peak centered at 554 nm. With increasing curing
temperature, the luminescence shifts to the blue and the PL intensity increases. In
addition, from the spectra of the samples treated at 200◦C and 250◦C, a shoulder
centered at 600 nm can be extracted. The weak feature at 554 nm grows to a
pronounced peak. However, its intensity and the overall spectral shape do not
argue for monomer emission as in the case of MePTCDI in SiO2 at the same
dye content. In fact, comparison with the luminescence of isolated MePTCDI
molecules in DMSO allows to assign the S1 [0-0] vibronic transition to a peak at
547 nm (see the PL spectrum of 0.2 vol% MePTCDI/PI in Fig. 4.51).
Although the absorption spectra indicate a prevailing presence of single dye
molecules, we interpret the overall luminescence as superposition of emission from
monomers and molecular aggregates with different orientations of the participat-
ing MePTCDI molecules, formed during the optical excitation. The contribution
of the individual components could be inferred by recording the excitation spectra,
changing the detection emission wavelength. Results from such measurements for
the sample treated at 250◦C are presented in Fig. 4.50. As detection wavelengths
we selected 570, 600, and 650 nm at distinctive features in the PL emission spectra.
In principle, all three excitation spectra are similar to the absorption spectrum,
although the graphs reveal that the heights of the absorption peaks at 504 and 538
nm vary by scanning the detection wavelength over the luminescence spectrum.
The I538/I504 ratio starts at a value of 1.23 (detection at 575 nm), decreases to
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Figure 4.48: PL emission spectra of 2 vol% MePTCDI diluted in PI matrix; excitation
wavelength 500 nm. The curing temperatures are shown in the graph. The
total thickness of the layers is 5000 Å.
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Figure 4.49: Normalized PL emission spectra of as-grown 2 vol% MePTCDI/PI and
neat 10 nm MePTCDI films; excitation wavelength 500 nm.
1.18 (detection at 600 nm), ending up at 0.96 (detection at 650 nm). Additionally,
the peak at 504 nm slightly broadens when the detection emission peak is 650 nm.
Thus, the direct contribution of molecular aggregates in the overall luminescence
can be retraced. Also, the observed alterations imply that upon excitation, the
monomers are enabled to transfer their energy to neighboring molecular aggre-
gates, hence pure monomer emission is practically not observed. On the other
hand, since the luminescence intensity increases with increasing curing tempera-
ture, the imidization degree (i.e. the number of reacted precursors) and, related to
it, the matrix morphology are significant for obtaining molecular distributions and
possibly molecular orientations that favor a luminescence enhancement. Similar
results are reported for polyimide films, grown also by vapor deposition polymer-
ization, containing perylene units [128]. The formation of polyimide reduces the
intermolecular interactions and luminescence quenching is avoided. Hence, by
controlling the co-deposition conditions in a way that enhances the imidization
reaction, we can improve the luminescence efficiency of the films. However, for a
more detailed discussion on the subject, systematic structural studies in depen-
dence on the thermal treatment conditions have to be carried out.
Figure 4.51 presents emission spectra of mixed films, thermally treated for 1h at
200◦C, at different MePTCDI concentrations in the PI matrix. The luminescence
centers at low dye contents (0.2 and 0.55 vol%) are single molecules. This is
evident from the strong monomer emission with a peak at ∼ 547 nm, and is in
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Figure 4.50: PL excitation spectra of 2 vol%MePTCDI/PI film cured at 250◦C. Spectra
are recorded at different emission wavelengths for detection.
agreement with the recorded monomer absorption spectra. The luminescence of
the most diluted sample at 0.2 vol% is quite intense, while in comparison the
emission of the most concentrated solid solution is nearly quenched. Although in
general the recorded signals are quite noisy, in the emission spectrum of the 3 vol%
sample, a weak feature around 685 nm can be distinguished. The spectral shape is
excimer-type, indicating considerable intermolecular interactions. Therefore, the
dramatic decrease in luminescence intensity could be attributed to self-quenching
of MePTCDI at higher concentrations, as discussed in Section 4.1.
Since the intensity of the spectra in Fig. 4.51 is normalized to equal MePTCDI
quantity, it further enables an evaluation of the luminescence efficiency of the
samples. As expected, with increasing dye quantity the luminescence efficiency
decreases. The 2 vol% film makes an exception to this tendency, showing the
highest PL yield. We have to note, however, that this is quite a rough estimate.
It is not related to absolute intensity values, since the baseline of the spectra is
difficult to define. The complexity lies in (i) the scattering of the samples changes
upon dye incorporation (ii) in general, we have to consider a three-component sys-
tem comprising MePTCDI, ODA and PMDA. As already presented and confirmed
from additional experiments, the conditions of thermal treatment are significant
not only for the transformation of the initial monomers to polyimide, but also for
the formation of a certain film structure. Therefore, the contribution of polyimide
to the PL signal of the mixed samples depends also on the thin film structure. We
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Figure 4.51: PL emission spectra of MePTCDI/PI films cured at 200◦C. Spectra are
recorded at 470 nm of excitation. PL intensity is normalized to equal dye
quantity in the mixed layers.
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can thus conclude that both the concentration of dye molecules and the number of
obtained polymer chains affect the spectral response of the molecules within the
organic host.
4.2.3 Alq3 in PI matrix
As discussed earlier in this Chapter, we established a significant blue shift of the
emission peak position for mixed Alq3/SiO2 layers, when Alq3 is diluted in the
inorganic matrix at low concentrations. Therefore, we carried out the following
experiments with the objective to compare the spectral response of Alq3 molecules,
embedded in the PI matrix, with that in the SiO2 matrix.
For the neat PI films, we determined that the transformation of the monomers to
polyimide starts around 150◦C, and is more efficient at higher curing temperatures.
In case of Alq3, however, the temperature at which the dye is evaporated (200◦C
- 250◦C) is close to the usually applied thermal treatment conditions (170◦C -
200◦C). On the other hand, a study on molecularly doped electroluminescent
(EL) polymer thin films, using Alq3 as an active EL dye [53] shows that curing for
1.5 hours at a temperature of 150◦C does not lead to thermal destruction of the
co-deposited dye. Additionally, FTIR measurements confirm that the annealing
at this "low" temperature facilitates to some extent the transformation of the
as-grown film from polyamic acid to polyimide.
Aiming at higher imidization degree, we chose a two-step thermal treatment
in order to avoid undesired effects, for instance sublimation of the dye from the
substrate or thermal degradation. The latter includes one hour curing at 150◦C
as a starting step, followed by one hour at 200◦C.
Figure 4.52 presents the obtained absorption and luminescence spectra of a
3 vol% Alq3/PI film, thermally treated according to this scheme. The absorp-
tion band is broader and without defined maximum with respect to that of the
pure Alq3 film. Yet, comparison with the corresponding absorption spectrum
of the as-grown sample indicates increased absorption in the region around 370
nm. Simulation of the mixed layer absorption with Film Wizard, using an EMA
Bruggeman model and the optical constants of PI and Alq3, agrees quite the well
with the measured spectrum. We thus infer that the polymerization reaction is
not disturbed by the co-deposited dye. The emission spectrum is characterized
by a broad band with maximum centered at 514 nm. The luminescence intensity
increases slightly upon curing, i.e. upon imidization. Contrary to MePTCDI, no
dimer emission is observed in thin films of Alq3 as well as in the crystalline forms
of the dye [27]. Hence, the PL enhancement is due to a minor contribution of the
matrix itself, rather than to dilution of the Alq3 molecules.
Figure 4.53 depicts the normalized luminescence spectra of 3 vol% diluted Alq3
molecules in both types of matrices, PI and SiO2 (effective matrix evaporation
rate 0.4 Å/s), along with a neat Alq3 thin film. The thickness of the neat film (70
Å) is close to the total dye thickness in the mixed samples.
The emission spectra clearly point out that the spectral position of the lumi-
nescence depends significantly on the surrounding matrix. The position of the PL
maximum in PI is almost identical with that of the pure Alq3 film (blue shift of
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Figure 4.52: Absorption and PL emission spectra of 3 vol% Alq3 embedded in PI
matrix, total film thickness 2000 Å. The sample is cured for 1 hour at
150◦C, followed by one hour at 200◦C. Emission is recorded for 370 nm
excitation.
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Figure 4.53: Normalized luminescence spectra of mixed Alq3/PI and Alq3/SiO2 film,
and a pure Alq3 film. The total film thickness of the mixed layers is 2000
Å. Emission is recorded for 370 nm excitation.
only 14 meV). However, the emission line is broadened which could be attributed to
the inhomogeneous matrix environment (i.e. PI, as well as unreacted monomers).
In contrast, a significant blue shift of the emission peak appears when Alq3 is
distributed in the inorganic SiO2 matrix (about 0.24 eV with respect to the pure
dye film). This blueshifted luminescence is an expected effect. The Alq3/SiO2
sample is grown at low effective matrix evaporation rate, which accordingly to
the results presented in Section 4.1, corresponds to beneficial conditions for the
preservation of facial Alq3 molecules. At the same time, a comparison between the
as-recorded luminescence spectra show that the Alq3/PI sample is characterized
by integral luminescence intensity which is by a factor of 1.4 higher than that of
the Alq3/SiO2 sample. Since both films have equal dye quantity, the decreased
PL intensity in SiO2 is consistent with our assumption of thermal stress for the
Alq3 molecules during the co-deposition process.
4.2.4 Summary
To summarize, the results presented above unambiguously show that in the case
of mixed dye/PI films, it is generally important to study the behavior of dye
molecules along with the change in surrounding environment in the dye/polyimide
reaction system. Therefore, the problem about the PL quantum efficiency has
to be considered in relation to the particular experimental parameters, defining
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the matrix formation - deposition rates of the precursors ODA and PMDA (a
stoichiometric ratio is required in order to achieve high degree of polymerization
[140]), film thickness, and especially curing procedure.
In comparison to the rigid SiO2 matrix, the PI matrix allows a limited motion
of the dye molecules. Thus, the distribution of the molecules in the SiO2 matrix is
much more defined, respectively the luminescence properties are easier to predict.
On the other hand, it is possible to obtain monomer emission in the polyimide
matrix as well, however at much lower dye concentrations than in the SiO2 matrix
(≤ 0.5 vol%).
In contrast to the Alq3/SiO2 system, the spectral behavior of Alq3 embedded
in PI is similar to that in the solid state and in solution. Since there is no blue
shift of the luminescence peak position and PI as organic material is rather flexible
compared to SiO2, we can conclude that the rigidity of the SiO2 matrix is deter-
minant for the conservation of the fac-Alq3 molecules. That is, the distribution
and hence the optical response of Alq3 molecules are nearly independent of the
morphological changes of the matrix in the course of the curing procedure, pro-
vided that the curing temperature does not exceed the sublimation temperature
of the dye.
In addition, we have shown that by keeping the curing temperatures for the
imidization of the PI matrix below the sublimation temperature of Alq3, it is
possible to (i) obtain mixed layers with the characteristic for Alq3 green emission
and (ii) reach a reasonable degree of polymerization, and hence a matrix with
satisfactory optical and mechanical properties. Consequently, the major advantage
of the PI host is that it offers the feasibility to choose the thermal treatment
conditions with respect to the particular dye which has to be embedded in it.
118
5 Organic guests in an active Alq3 matrix
In this Chapter, we first briefly address the luminescence response of the dye
molecules DCM and rubrene embedded in the optically active Alq3 matrix. We
study samples at various concentrations of the guest molecules and present re-
sults about the efficiency of doping. The mechanism of resonant energy transfer is
discussed.
In the second part of the Chapter, we present examples for application of the
doped Alq3 films as luminescence conversion layers in combination with blue LEDs
as excitation light sources. We first consider some theoretical points. Next, we
determine the optimal thickness and doping ratios of the composite films in order
to obtain white light. The corresponding CIE coordinates of the PL converters and
results from measurements of the angular dependence of the emission are presented.
Finally, we discuss the stability of the samples.
5.1 Rubrene/Alq3 and DCM/Alq3 thin films
5.1.1 Introduction
The dilution of organic dyes in an optically inactive matrix, discussed in the
previous Chapter, is only one approach to solve the problem of concentration
quenching and to achieve an increase of the photoluminescence quantum efficiency.
Another efficient method to obtain this goal, as discussed in Section 2.8, is selective
doping of neat host organic layers with highly fluorescent guest organic molecules.
In this case, the molecules of the matrix participate actively in the process of
optical excitation. By absorption of photons, they are promoted to an excited
state and before relaxation transfer their energy to the guest molecules via Förster
mechanism [36, 141].
In the present study, we use Alq3 as an optically active host material, prof-
iting from its favorable qualities for optoelectronic applications, such as rela-
tively high quantum yield in thin film. As molecular dopants, we selected 4-
dicyanomethylene-2-methyl-6-(p-dimethylamino-styryl)-4H-pyran (DCM) and tetram-
ethylnapthacene (rubrene). Both dopants absorb in the emitting range of the host
and fluoresce in the yellow to orange-red range. In dilute solutions, they both
are known to have high luminescence quantum efficiencies of 0.5 - 1 [64, 65]. In
contrast, pure vapor deposited films of these dyes show a strongly reduced lumi-
nescence. The Förster transfer process is promoted by the well-aligned energy
levels of the Alq3 - rubrene or Alq3 - DCM molecules, presented in Fig. 5.1.
Alq3 films doped with DCM or rubrene are widely applied as emitting layers in
OLED fabrication. However, the system DCM/Alq3 attracted additional research
interest after the demonstration of lasing from optically pumped evaporated thin
films by Kozlov et al [172]. Since then, organic semiconductor lasers, based on
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Figure 5.1: Energy levels of Alq3, rubrene, and DCM. Data are taken from Refs. [141,
142].
DCM doped Alq3, with various geometries such as microcavities [62, 173] or dif-
ferent planar waveguide structures [144, 174] were realized. Significant advantages
of a gain medium with Förster transfer are established to be (i) high absorption
at the pump wavelength and low optical loss at the emission wavelength due to
the large shift between host absorption and guest emission (ii) the low concentra-
tion of emitting molecules results in reduced bimolecular annihilation or excimer
formation and thus in low lasing threshold (1 - 20 µJ/cm2, cf. Refs. [144, 173]).
5.1.2 Luminescence and efficiency of the doped films
Experimentally recorded absorption and emission spectra of pure VD film of the
host Alq3 along with the absorption spectra (presented are the extinction coeffi-
cients) of the guests DCM and rubrene, both diluted in DMSO at a concentration
2.10−5 mol/l, are depicted in Fig. 5.2. The Alq3 film absorbs in the wavelength
region below 450 nm, with a broad band centered at 400 nm. In contrast, guest
dyes have absorption which extends to the green spectral region and thus covers
almost half of the emission spectral region of Alq3. The extinction coefficient of
rubrene is about 4 times lower than that of DCM.
As discussed earlier, a crucial criterion for the occurrence of Förster transfer
is the value of the energy overlap integral J(λ) over the whole spectrum. The
spectral dependence of the overlap functions for both guests is compared in Fig.
5.3. Integration over the full spectrum shows that the value of the overlap integral
for DCM in Alq3 is larger than for rubrene by factor 4 (1.96 x 10−14 for rubrene vs.
7.97 x 10−14 for DCM). Applying the expressions in Section 2.4, with φD = 0.25
[65] and n = 1.7 for undoped Alq3 film, and the corresponding values of the overlap
integral J(λ), we can calculate the Förster radii for energy transfer from Alq3 to
the dopants. For DCM R0 amounts to 33 Å, which is indicative of an effective
energy transfer process, while for rubrene R0 = 26 Å. The shorter Förster radius
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Figure 5.2: Normalized absorption and PL emission spectra of pure film of the host
Alq3 (thickness 300 Å) and exctinction coefficients ε of the guests DCM and
rubrene, diluted in DMSO (c = 2.10−5 mol/l).
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Figure 5.4: Absorption and luminescence spectra of rubrene doped in Alq3. PL spectra
are recorded using 370 nm as excitation wavelength and are normalized to
equal film thickness.
for rubrene indicates that, in addition to considerable spectral overlap, effective
energy transfer requires an acceptor with high extinction coefficient.
We followed the optical response of the molecules embedded in the active matrix
investigating Alq3 films doped with rubrene and DCM molecules at concentrations
in the region 0.6 to 4 vol%. Figures 5.4 and 5.5 present the absorption (measured)
and luminescence (normalized to equal film thickness) spectra of composite films
of rubrene dispersed in Alq3 (150 - 300 Å total film thickness) and of Alq3 films
doped with DCM (2200 - 3000 Å thickness), respectively. The PL spectrum of a
pure Alq3 film is given as a reference. All spectra are recorded by using 370 nm
(rubrene/Alq3) or 380 nm (DCM/Alq3) as excitation wavelength.
The data reveal, first, that emission intensity and peak position strongly depend
on the doping concentration of the guest used. A comparison between the absorp-
tion of the composite films (Figs. 5.4 and 5.5) and that of the pure Alq3 film
(cf. Fig. 5.2) suggests that absorption at the excitation wavelength in the mixed
films is mostly due to the host material. Distributed DCM or rubrene molecules
contribute to the absorption only at higher doping concentrations, i.e. ∼ 4 vol%.
On the other hand, the luminescence of the composite films stems mainly from the
guest molecules. Emission is tuned from green, centered at 540 nm (undoped Alq3
film), to yellow, centered at ∼ 565 nm for rubrene, and to red ∼ 611 nm for DCM,
respectively (doped films). Thus, the incident photons excite predominantly the
host Alq3 molecules. They further transfer their energy to the dispersed guest
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Figure 5.5: Absorption and PL spectra of DCM doped in Alq3 at different concen-
trations. Luminescence is normalized to equal film thickness; spectra are
recorded using 380 nm for excitation. The inset shows a logarithmic scale
plot of the luminescence in the spectral region 450 - 550 nm, where a weak
host contribution is present.
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Figure 5.6: Energy level diagram of DCM/Alq3 illustrating the excitation of DCM
molecules by means of resonant Förster energy transfer from Alq3 (dashed
arrow (3)), and the Franck-Condon shift (solid thin black arrows (2,4)) in
Alq3 and DCM molecules (adapted from [144]).
molecules, which subsequently emit at lower energies. However, in a logarithmic
scale plot of the luminescence (inset in Fig. 5.5), a weak contribution of the host
Alq3 is observed, with a shoulder at ∼ 510 nm. This residual Alq3 emission is due
to incomplete energy transfer, and decreases with increasing doping concentration.
As inferred, the relaxation of the doped films clearly depends on the doping
level. Time-resolved relaxation studies on doped DCM/Alq3 samples [143] confirm
the dopant-concentration dependence of the excitation decay. The de-excitation
follows a five step process presented in Fig. 5.6 [144]. The intermolecular resonant
transfer from host to guest molecules occurs on a subpico- to nanosecond time
scale and is more efficient than other competing processes, such as direct radiative
or nonradiative decay of the host excitons [144, 145].
Another effect concerns the luminescence intensity. As the number of guest
molecules increases, the PL intensity at first increases fast and then decreases.
The PL integral intensities of the composite films in dependence on doping con-
centration are presented in Fig. 5.7. The highest PL efficiency is achieved at ∼
2 vol% dye quantity for both guest molecules. As evident, at the optimal doping
level, doped films give luminescence rise of 3 to 4.5 times compared to the un-
doped Alq3 film. A further increase of the doping level leads to decrease of the
PL efficiency. In addition, the increase of doping level up to 4 % is accompanied
by a slight but gradual shift of the PL maximum to longer wavelengths. Thus,
the number of dispersed guest molecules available in the transfer process is signif-
icant for the luminescence spectral position and intensity of the composite films.
When the doping level is too low, the guest emission could be weak due to lack
of molecules which could capture the generated excitons before they relax [58].
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Figure 5.7: Relative PL efficiency of the doped films as a function of dopant concen-
tration.
As seen from Figs. 5.4 and 5.5, pure emission from the guest is obtained at a
doping level of around 1 %. If one assumes a homogeneous guest distribution, this
concentration corresponds to one dopant molecule, surrounded by a sphere of 100
Alq3 molecules, i.e. the radius of the sphere should be approximately three host
molecules. As the diameter of Alq3 is ∼ 9 Å , the Alq3 exciton has to be separated
from a dopant molecule at a maximum distance of ≈ 30 Å [36]. The latter value is
around the calculated Förster radii for rubrene and DCM. The exciton diffusion is
another effect that further increases the probability for energy transfer [36]. The
exciton diffusion length in Alq3 is found to be 200 Å [64] which is much larger
than the Förster radius. Hence, it is possible for excitons further away to migrate
to a position within the Förster radius and to transfer energy to a guest molecule
prior to relaxation.
At too high doping concentrations, the possibility for two or more of the guest
molecules to come close to each other and form a dimer or higher-order molecule
complex increases. This could lead to concentration quenching and is revealed in
a drop of the quantum yield and a redshifted emission peak. Such concentration
quenching via nearest neighbor excimer formation is known to be predominant
in solid DCM, since the planar geometry of the dye molecules permits them to
aggregate densely enough to allow efficient excimer formation [64, 143]. The latter
effect could also explain the lower conversion efficiency obtained for the doped
DCM/Alq3 films with respect to the doped rubrene/Alq3 films.
We measured the PL quantum efficiency for composite DCM/Alq3 and rubrene/
Alq3 samples with concentrations corresponding to the most efficient doping de-
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rived from the PL emission spectra, i.e. around 2 vol% (in molar proportions:
1.8 mol% for rubrene, 3 mol% for DCM). The efficiency of pure ∼ 700 Å thick
Alq3 film was measured for comparison. The samples were excited with the 325
nm line of a cw - HeCd laser. The determined values of the PL quantum yield,
φext, are as follows: 0.24 for the host Alq3 film, 0.83 for 4900 Å DCM/Alq3 film
at concentration 2 vol%, and 0.94 for 3700 Å rubrene/Alq3 at 1.8 vol%.
Our results for the PL quantum efficiency of pure and doped rubrene/Alq3 films
are in good agreement with those determined by Mattoussi et al., who applied the
same measuring method [65]. The authors report values of 0.25 for pure Alq3 and
about 0.92 for a doping level of 2 mol%. Zhong et al. [58] estimated quantum
efficiencies of Alq3 doped with DCM, using the PL spectra of the samples and
taking 0.25 as the PL efficiency of a pure Alq3 film. The highest value thus
derived lies at 0.61 and corresponds to 2.6 mol% DCM concentration in the doped
film. Applying the same approach as in [58], with φPL ∼= 0.24 for pure Alq3 film
and the PL emission spectrum in Fig. 5.5, we estimated a value of ∼= 0.81 for
the 2 vol% DCM/Alq3 sample. We can only speculate about the origin of the
above difference. It is well known, however, that the preparation conditions, such
as type of the substrate, substrate surface, dynamic state of the substrate during
deposition, deposition rate, etc., play an important role for the film structure and
for the dye distribution in the films, and hence for the decay dynamics.
We further studied the luminescence decay of the dye-doped Alq3 films upon
continuous irradiation. The corresponding results and detailed discussion on the
photostability will be presented in the following Section, where we address the
application of these organic/organic systems in luminescence conversion devices.
5.2 An application example: Luminescence conversion
5.2.1 Principle, requirements and color
The underlying physical principle, on which this application is based, is that of
luminescence down-conversion as a consequence of the Stokes shift between light
absorbed and reemitted by an inorganic phosphor or organic dye. The LUCO
principle in connection with additive color mixing provided the basis for the first
single chip white LED developed independently at Fraunhofer IAF and at Nichia
(Japan) in 1996. This first generation white LED was based on a blue LED pump
chip and the phosphor YAG:Ce3+ as converter material. A year later, Schlotter et
al. [8] demonstrated luminescence conversion of blue LEDs using organic dyes as
LUCO layers. Now, LUCO-LEDs based on phosphors are widely used particularly
as lighting applications in advertising, for display purposes, and for illumination
systems in cars and aircraft. Additionally, LUCO layers can be used for spectral
aligning of detectors in order to increase their efficiency, or light outcoupling from
waveguides.
A schematic presentation of the principle is given in Fig. 5.8. The radiation
of the LED (primary light) excites the organic molecules in the LUCO layer to
subsequent emission of secondary photons (secondary light), whereas the emitted
light is shifted to the red with respect to the pump one. This way, the luminescence
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Figure 5.8: Schematic representation of the luminescence conversion principle.
from the converter layer and the remaining primary light are mixed additionally.
Optimization of LUCO parameters, i.e. film thickness, doping ratio, or type of
LUCO materials, can lead to proper color mixing of the blue from the LED with
the secondary emitted light from the LUCO film, thus resulting in visible or in
white emitting LUCO-LED.
Several essential requirements have to be fulfilled in order to realize luminescence
conversion. There has to be a strong overlap between the electroluminescence (EL)
spectrum of the LED and the absorption of the LUCO film. Next, for reasonable
thickness of the LUCO layer, the organic materials should have relatively high ab-
sorption coefficients in the emission spectral range of the LED. Another important
parameter is the internal quantum efficiency of the LUCO materials.
Figure 5.9 presents schematically the emission from a LUCO-LED device to-
wards the exterior. Light produced in the LUCO layer approaches the film/air
interface at an angle of incidence θ which can be greater or less than the critical
angle θc which is defined by the relation
n sin θc = nair, (5.1)
where n is the refractive index of the organic material. When θ < θc, light is
transmitted to the exterior. However, when θ > θc, light will be totally internally
reflected within the device without reaching the exterior.
So, at the LUCO interior, emission going toward the frontal surface occurs in a
half space, i.e. Ω1 = 2π. Thus, the portion of light which can leave the device is
emitted within a solid angle limited to
Ω2 = 2π
θc∫
0
sin θdθ = 2π(1− cos θc). (5.2)
Given that sinθc = 1/n, the term (1 - cosθc) can be approximated as equal to
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Figure 5.9: Internal and external emission of a LUCO-LED (adapted from [148]).
1/2n2. Thus, Ω2 = π/n2, and respectively
Ω2 =
Ω1
2n2
. (5.3)
From equations (5.2) and (5.3) follows that the solid angle at the exterior (Ω2)
is only a fraction of the total emission angle (Ω1) and the external yields are
considerably influenced [148].
If one considers a ray incident to the material/air interface with θ < θc, the
refraction laws modify the geometry of the solid angle cones of the emission as
presented in Fig. 5.9. The elementary solid angles dΩ2 and dΩr are such, that
dΩ2
dΩr
=
cosϕ
n(
√
n2 − sin2 ϕ)
. (5.4)
For organic materials, n ≈ 2 and sin2ϕ is well below 1. Therefore, sin2ϕ ¿ n2,
and respectively:
dΩ2
dΩr
≈ cosϕ
n2
. (5.5)
Equation (5.5) indicates that the distribution of rays emitted directly toward the
exterior, at a solid angle Ω2, is Lambertian [149].
The internal quantum efficiency of the device can be related to I0, the flux per
unit solid angle of light leaving the device directly in the forward direction. The
total flux Φtotal produced within the emissive layer, with ϕ = 0 (dΩ2/dΩr = 1/n2),
is
Φtotal = 2πn2I0. (5.6)
Φtotal is used for calculation of the internal quantum efficiency [149]. On the
other hand, the flux Φext leaving the device directly can be calculated taking the
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Figure 5.10: Normalized eye response curve and CIE 1931 tristimulus curves.
emission to be exactly Lambertian:
Φext =
π/2∫
0
2πI0 cosϕ sinϕdϕ = πI0. (5.7)
In contrast, Φext is used to define the external quantum efficiency of the device for
directly emitted light. Thus, internal quantum efficiencies are a factor 2n2 larger
than the external quantum efficiencies.
The color of light emitted from LUCO devices is determined on the basis of the
measured emission spectra. The corresponding chromaticity coordinates x’ and
y’, which are used to compare devices with different spectra are defined by the
Commission International de l’Eclairage (CIE) as:
x′ =
X
X + Y + Z
, y′ =
Y
X + Y + Z
. (5.8)
The corresponding XYZ tristimulus values for a color with a spectral power dis-
tribution I(λ) is given by:
X =
780∫
380
I(λ)Xλdλ, Y =
780∫
380
I(λ)Yλdλ, Z =
780∫
380
I(λ)Zλdλ, (5.9)
Xλ, Yλ and Zλ are the color matching functions (Fig. 5.10).
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5.2.2 Systems
In the previous Section, we have shown that by doping of Alq3, a substantial
increase of the photoluminescence quantum efficiency can be reached. Moreover,
depending on the type of dopant, the primary green emission of Alq3 can be
tuned to yellow (rubrene) or red (DCM). Both these effects are beneficial for the
use of doped Alq3 films as converter layers in luminescence conversion devices.
In addition, Alq3 has a relatively large absorption coefficient in the blue spectral
range (α ≈ 0.5 x 105 cm−1). Thus, optical density of the order of unity can be
obtained by preparation of films of merely submicron thickness.
Successful white light generation based on organic materials as luminescence
converters is already reported in literature. Schlotter et al. [8] fabricated whitish
emitting LUCO-LEDs by mixing green and red emitting perylene-based dyes. An-
other approach developed by Hide et al. [164] and further improved by Zhang and
Heeger [165] included conjugated polymers or copolymers, derivatives of poly(p-
phenylene vinylene) (PPV). The luminescence converters were prepared either by
dissolving the dyes in epoxy resin by standard LED technology or by spin casting
from polymer solution. In contrast, in the present study we apply simple dry tech-
nology: the LUCO layers were grown by co-evaporation of host (Alq3) and guest
(DCM, rubrene) molecules as composite film, directly on top of the LED in HV.
As an excitation source in the LUCO devices, we used light-emitting diodes with
a maximum of the electroluminescence at ∼ 450 nm. The LEDs were delivered by
OSRAM Opto Semiconductors, Germany. The aim of our investigations were to
study the possibilities for converting the blue light of the LED into light of longer
wavelengths and to find the optimal film parameters - thickness and doping ratio
- for obtaining white-emitting LUCO-LEDs.
Figure 5.11 shows results from in-situ measurements of the overall luminescence
in the vacuum chamber of a LUCO-LED with 1.8 vol% DCM/Alq3 film on top.
The in-situ spectra were recorded using a homemade spectrometer, designed by
R. Gehlhaar within the framework of his doctoral thesis. All presented spectra
are corrected with regard to inevitable current fluctuations by normalization to
the total integrated area.
The EL of the blue LED is recorded as a starting reference. After that, the diode
is switched on after every 800 Å Alq3 layer thickness deposited in order to record
the corresponding luminescence spectrum. The results clearly show that up to
3900 Å, the spectrum of the emitted light changes substantially. With increasing
LUCO thickness, more of the primary light is absorbed, thus the EL intensity of
the LED peak around 450 nm drops, while the PL from the doped Alq3 film at
∼ 620 nm increases. This behavior confirms the emission mechanism discussed
in the previous Section. The blue light of the LED is absorbed from the Alq3
molecules; the excitation is further transferred to the DCM molecules, which relax
to the ground state by radiation of low energy photons (red emission). The peak
of the pure Alq3 centered on 520 nm is not observable, which demonstrates the
efficiency of the transfer with increasing film thickness and contribution of the
DCM molecules.
However, a further increase of the LUCO layer thickness above 5500 Å does
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Figure 5.11: In-situ luminescence of LUCO-LED with 1.8 vol% doped DCM/Alq3 film
as LUCO layer in dependence on the LUCO thickness.
not change the LUCO-LED spectrum anymore. Additionally, in the final LUCO-
LED spectrum, there is a slight shoulder at around 517 nm present, indicating
that there is a contribution from the Alq3 molecules as well. At the noted film
thickness, Alq3 absorbs around 80 % in the high energy region (340 - 400 nm),
but only ∼ 30 % at the maximum LED emission. In fact, close examination of the
absorbed part of the initial EL spectrum confirms that at this film thickness, part
of the DCM molecules participate directly in the absorption of the initial light
(Fig. 5.12). Such a behavior is attributed to the relatively wide EL spectrum of
the pumping diode. Thus, the intensity of the reemitted light at 620 nm does not
increase further, presumably due to direct nonradiative recombination of DCM.
At a final thickness of the converter layer of 7100 Å, this sample has chromaticity
coordinates x’ = 0.37, y’ = 0.30 (see Fig. 5.13), which are close to the equal energy
point x’ = y’ = 0.33. The ratio between the intensities of the peaks of the primary
(at 470 nm) and the secondary (at 620 nm) light at this optimal LUCO thickness
corresponds to ∼ 1. The conversion efficiency amounts to 0.74. In comparison,
the employment of high PL efficiency polymers as luminescence converters results
in white light with comparable coordinates (0.34, 0.29) and conversion efficiencies
of up to 0.6 [164]. Hence, the DCM/Alq3 system we study shows somewhat
better performance. Further increase of the LUCO film thickness above 7100 Å
for DCM/Alq3 leads to strong absorption of the primary blue light (leading to a
shift of the primary peak to the green) and pronounced red emission. The result
is in this case an orange-emitting LUCO-LED.
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Figure 5.12: Initial EL spectrum, final LUCO-LED PL spectrum, and their difference
(LUCO layer: 1.8 vol% DCM/Alq3 film, 7100 Å thickness).
Figure 5.13: CIE diagram with the corresponding coordinates of LUCO-LED, based
on 1.8 vol% doped DCM/Alq3 as a LUCO layer upon increasing layer
thickness. The color position of the primary blue LED is presented as a
reference.
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Figure 5.14: Luminescence of LUCO-LED with doped rubrene/Alq3 film as a LUCO
layer. The total LUCO layer thickness is 7000 Å at 4.4 vol% dopant con-
centration.
The emission spectra of LUCO-LED devices based on rubrene-doped Alq3 films
indicate that the doping concentration of around 2 vol% rubrene, optimal for
highest quantum efficiency, is insufficient for obtaining white light. Up to 4000
Å LUCO film thickness, the remaining (not absorbed) primary blue light from
the LED is still very intense in comparison to the yellow luminescence from the
conversion layer, resulting in bluish or bluish-greenish LUCO-LED emission. The
corresponding chromaticity coordinates for a 3700 Å thick LUCO film are x’ =
0.21, y’ = 0.19. Due to the low absorption of rubrene in the EL region of the LED,
a further increase of the LUCO layer thickness at the above doping level (up to
8000 Å thickness) does not show a substantial change of the overall luminescence.
The LED emission dominates the spectrum, thus the obtained LUCO-LED color
is still in the blue region. However, the experiments have shown that an effec-
tive luminescence conversion to white light is obtained at 6500 - 7500 Å thick
rubrene/Alq3 films and 4 - 4.4 vol% rubrene concentration on top of the pumping
diode. For example, the sample in Fig. 5.14 is characterized by CIE coordinates
x’ = 0.35, y’ = 0.31 (see Fig. 5.15) and conversion efficiency of 0.65.
The color rendering index (CRI) of the rubrene/Alq3 LUCO-LED is 74, which
is quite good for a two-color-based converter device. For comparison, commercial
blue LED/one-color phosphor white LEDs have a CRI of 70 - 80, while white LEDs
comprising a blue LED and two(three)-color phosphor blend or organic white
LEDs produce light with color rendering index in the region 75 - 91 [175, 176].
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Figure 5.15: CIE diagram with the corresponding coordinates of LUCO-LED, based on
4.4 vol% doped rubrene/Alq3 film as a LUCO layer. The color position of
the primary blue LED is presented as a reference.
In contrast, the DCM-based LUCO-LED has a rather low CRI of 51. This is due
to the relatively large gap in the yellowish-green region of the emission spectrum.
The deposition of pure Alq3 material in succession to the doped layer, when a
saturation of the LUCO-peak intensity is reached, can be used in order to shift
the LUCO-LED emission to higher energies. Thus, the color rendering index can
be improved significantly.
The angular dependence of the light emitted from the converters was measured
by using the emission spectrometer and the photomultiplier of the FluoroMax.
The samples were mounted on a rotating holder. In the 0◦ rotation position, the
axis joining the LUCO-LED and the entrance slit of the spectrophotometer was
normal to the plane of the converter layer on top of the light-emitting diode. The
distance between the sample and the entrance slit was 135 mm. The signal from
the converter was measured as a function of the rotating angle ϕ. The latter
was varied from - 90◦ to + 90◦, with an experimental error of ± 2◦. According
to the obtained results (Fig. 5.16), the experimentally measured distribution of
the directly emitted light from the introduced luminescence conversion devices is
approximately Lambertian. The alterations in emission are negligible, thus barely
any color changes can be perceived over a large viewing angle (∆x’ = 0.01 - 0.07;
∆y’ = 0.02 - 0.05). This is an attractive quality of the introduced LUCO-LEDs,
since no additional re-distribution of the emitted light is required. The viewing
angle (defined as the angle at 50 % luminous intensity according to the definition
in the data sheet of commercial LEDs) of about 120◦ is comparable to that of the
commercially available white LEDs, combining blue InGaN LEDs and phosphors
(typically 2ϕ = 110◦ - 120◦).
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Figure 5.16: Measured angular dependence of the emission from LUCO-LEDs with
doped DCM/Alq3 and rubrene/Alq3 films as LUCO layers. The dotted
line shows the predicted angular dependence for Lambertian emission.
5.2.3 Stability
Concerning practical applications, the stability of the device performance in time is
of great importance. When operated for a prolonged time, the dyes in the LUCO
layer undergo thermal destruction, photochemical degradation by oxidation, or
even volatilization. All these processes would lead to shift of the LUCO-LED
color in direction to the initial color of the pumping LED. To check this, we
recorded luminescence spectra of the devices during 20 to 40 minutes operational
time in vacuum and air. Results from such measurements are presented in Figs.
5.17 and 5.18, respectively. The time evolution of the luminescence intensity of
the DCM (620 nm) or rubrene (566 nm) peak and the evaluated time constants in
both media are used as an indication for the photostability of the samples. The
intensities of the dopant peaks are normalized to that of the irradiation source.
The luminescence intensity decreases due to degradation of dye molecules. As
commented in Chapter 4, the decay behavior of the luminescence intensity in air,
as well as in vacuum, is characterized by two regions: a fast drop of PL in the
beginning, followed by long term decay. Here, the experimental curves are fitted
using an exponential decay in the region after the fast initial decrease. Thus, mean
time constants, τm, were determined. In vacuum, τm is in the range 2 - 2.5 x 104
s, while in air, the luminescence drops with 5 - 6.5 x 103 s. There is no significant
difference in the time constants for rubrene and DCM.
Figure 5.19 shows an example for the time evolution of the PL spectrum of a
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Figure 5.17: Time-dependence of the DCM luminescence peak intensity, measured in
vacuum and in air, of DCM-doped Alq3 films. The peak incidence irradi-
ation intensity amounts to 995 mW/cm2.
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Figure 5.18: Time-dependence of the rubrene luminescence peak intensity of rubrene-
doped Alq3 films in vacuum and air. The peak excitation irradiance is 995
mW/cm2.
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Figure 5.19: Time evolution of the luminescence intensity of LUCO-LED device with
rubrene/Alq3 films as converter layer, measured in air. In order to com-
pensate for the power supply instabilities, the spectra are normalized to
the peak intensity of the LED. The peak incident irradiance amounts to
995 mW/cm2.
LUCO-LED device, based on rubrene/Alq3 converter layer operating in air. An
analysis of the individual luminescence spectra shows that the LUCO spectral peak
position shifts to lower wavelengths. This is an implication for a reduced num-
ber of guest molecules contributing to the luminescence signal. Because of their
predominant quantity in the converter layer, the Alq3 molecules degrade slowly in
comparison to the DCM or rubrene molecules. Additionally, due to the transfer
of energy from the donors (Alq3) to the acceptors (DCM, rubrene), the excited
state in which the molecules are sensitive to bleaching is depopulated more quickly,
thus making photodegradation a less probable process for the Alq3 molecules [116].
Yet, the efficiency of the resonant transfer depends on the concentration of guest
molecules. When there are not sufficient red emitters, the overall emission shifts
to the green in direction of Alq3 peak and the intensity decreases. Thereby, the
ratio between the emission intensities of the exciting diode and the converter layer
changes, revealing itself in change of the color position of the LUCO-LED.
We now present a simplified model, developed in cooperation with Markas Sudz-
ius, IAPP, which enables the description of the experimentally observed bleaching
curves and the determination of the lifetime τ for different excitation conditions.
We consider the case of low irradiation intensities (below 105 W/cm2) and "in-
trinsic" photobleaching, i.e. the contribution of a reaction partner (e.g. oxygen,
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Figure 5.20: Scheme of (a) the LED with the LUCO layer on the top of its active
surface and (b) the measured spatial profile of the LED intensity in the
LUCO layer plane and the corresponding Gaussian fit.
impurities) to the rate of the photodegradation process is neglected. Accordingly,
we assume that the product of the local excitation intensity Iexc and the corre-
sponding local decay time τ of the luminescence signal from the layer is a constant
Iexc × τ = K. (5.10)
Analysis of the spatial intensity distribution of the LED in the LUCO layer
plane (see Fig. 5.20) has shown that it is characterized by a radial symmetry. The
excitation signal Iexc in the film plane can be reliably described by a Gaussian
profile (Fig. 5.20b):
Iexc(r) = Imaxe−(r/r0)
2
, (5.11)
where Imax is the peak excitation intensity and r0 is the radius of the Gaussian at
1/e. If the integral signal of the LED is I, then
Imax =
(
1 + 1−1+e(Stot/Seff )
)
I
Seff
, (5.12)
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with Stot = πR2 and Seff = πr20; R is the radius of the LED exit window.
We further assume an exponential decrease of the luminescence intensity. Hence,
the local intensity of the PL signal is
IF (r, t) = CIexc(r)e−t/τ(r), (5.13)
with C, a constant proportional to the fluorescence quantum yield and the detec-
tion efficiency of the detection system. Using Eq. (5.10), the last equation can be
re-written as
IF (r, t) = CIexc(r) exp(−tIexc(r)/K), (5.14)
Consequently, the substitution of Iexc(r) and integration of Eq. (5.14) over the
whole excitation profile leads to the solution
IF (t) =
R∫
0
2π∫
0
IF (r, t)drdθ =
C
(
e−
BtImax
K − e− tImaxK
)
KSeff
t
, (5.15)
B = e−(Stot/Seff ). (5.16)
If we define τmin = K/Imax as the decay time corresponding to the peak exci-
tation intensity, for the time-dependence of the PL signal the following expression
is obtained
IF (t) =
C
(
e
− Bt
τmin − e−
t
τmin
)
SeffImaxτmin
t
. (5.17)
A fit of the experimental PL decay signal using the IF (t) function thus derived
gives the fastest decay time τmin and accordingly, the constant K can be evaluated.
As introduced in Eq. (2.43), the quantum yield of photobleaching φb is
φb =
Nbl
Qabs
, (5.18)
where Nbl is the number of degraded molecules and Qabs = AQ0τ is the number
of absorbed photons during the same time interval τ . A denotes the absorption of
the Alq3 molecules in the active layer and Q0 is the number of incident photons
per unit time. However, since the LED has a certain spectral distribution, the
LED spectrum is first normalized to its integral power (4.8 ± 0.3 mW). Thereby,
the absolute number of incident photons is determined. Afterwards, the total
number of absorbed photons is obtained by integration over the whole LED spec-
tral range. Taking into account a probability for Förster transfer of ' 1 (for 3.5
vol% DCM distributed in Alq3) and a fluorescence quantum yield of roughly 1,
we further consider the fluorescence signal as a contribution of DCM molecules
only. Thus, the integral signal I introduced in Eq. (5.12) is equivalent to the
number of absorbed photons AQ0. If we now assume that the excitation signal
AQ0 is distributed homogeneous over the area of the LED exit window πR2, the
corresponding decay time will be τ = KπR2/AQ0. Hence,
φb =
0.63dρNA
KmM
(5.19)
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Figure 5.21: Experimental decay curve of LUCO-LED device with 3.5 vol% DCM/Alq3
as active layer and its fit according to Eq. (5.17). The total film thickness
of the LUCO layer is 4500 Å. The peak incident irradiance is 995 mW/cm2.
with d - thickness of the DCM "layer", ρ - density of DCM, NA - Avogadro
constant, and mM - molar mass of DCM.
The Gaussian fit of the excitation profile (Fig. 5.20b) gives a value of 0.04 cm
for r0. With R = 0.12 cm, the peak intensity of the LED is Imax = 8.6 × 1017
phot/s-cm2. In Fig. 5.21, the experimental decay curve of a converter device with
3.5 vol% DCM/Alq3 LUCO layer and the fit according to Eq. (5.17) are presented.
The decay time τmin thus obtained is 1900 s. Correspondingly, K = 1.6 × 1021
phot/cm2. With mM = 303 g/mol and ρ ' 1.4 g/cm3, the quantum yield of
photobleaching φb amounts to 1.7 × 10−6. Consequently, for these excitation
conditions, the number of excitation/emission cycles per molecule µ has a value of
5.9 × 105. Similar value of 6 × 105 was reported for DCM molecules incorporated
by the sol-gel technique in a solid xerogel matrix [46]. There, however, the DCM
molecules have been directly excited by a laser light at 532 nm and 2 kW/cm2
irradiation intensity. We have to note here that the number of cycles is quite
dependent on the chemical character of the emitting molecules, the nature of the
molecular environment (i.e. organic or inorganic), the excitation conditions, etc.
For instance, in the solid xerogel matrix, perylene orange has almost two orders
of magnitude higher photostability than that of rhodamine 6G (µ = 1 × 109 and
µ = 2 × 107, respectively) [46], whereas cycles of the order of 1011 were obtained
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for red OLED using Ir(piq)31 as emitter and α-NPD2 as a host [177] as well as for
co-deposited PTCDA/SiO2 films [14].
In OLEDs, studies on device performance with Alq3 as a host and DCM or
rubrene as dopants generally discuss the emission mechanism and efficiency. Sta-
bility investigations consider mostly rubrene and its stabilizing role as a dopant
or an assist-dopant in Alq3 emitter layers [167, 168, 169]. For instance, lifetimes
of 1300 to 3000 h at an initial luminance of about 500 cd/m2 are reported for
encapsulated devices [167, 169]. The improved stability is attributed to be due to
the stabilizing effect of rubrene on the amorphous state of Alq3 [167, 168]. Also,
the different mechanism of light emission in the presence of rubrene is suggested
to reduce further the device degradation. Since the HOMO and LUMO of rubrene
are located within the energy gap of Alq3, rubrene acts as a trap for both electrons
and holes, thus recombination occurs on the dopant molecules [167, 169].
For the samples studied, due to the Förster transfer, the photostability of the
guest molecules is defining for the luminescence decay. However, amorphous
rubrene is known to be prone to oxidation [170]. Similarly, photooxidation is es-
tablished to be the degradation mechanism for DCM upon light excitation [171].
Since the vacuum chamber assures a more controllable chemical environment com-
pared to an air atmosphere, the higher stability of the samples in vacuum is rea-
sonable to anticipate. In air, interactions with impurities and in particular with
the oxygen can not be avoided, thereby leading to acceleration of the degradation
process. Suitable encapsulation, preventing from water and oxygen exposure, can
thus increase the lifetime.
In order to improve the device photostability, we further examined the effect of
polyimide as protective layer, grown directly on top of the LUCO-LED. PI was
selected due to its high mechanical, thermal, and photostability. The optimal PI
film thickness was defined with respect to (i) relatively low curing temperature in
accordance with the low sublimation temperatures of the LUCO dyes in order to
avoid thermal destruction of the dyes and transformation of the initial LED and
(ii) effective polymerization (high level of transformation of the monomers to PI)
at these low curing temperatures. Hence, the grown PMDA-ODA films are 2000
Å thick. At this thickness, the PI layer has negligible absorption in the emission
range of the exciting light-emitting diode.
The first samples were treated for 1 hour at 200◦C. However, the resulting
LUCO-LED spectra showed a strong shift of the LUCO peak to the high energy
spectral range (about 56 nm) in addition to decreased LUCO intensity with re-
spect to the uncured samples. Moreover, the intensity of the remaining primary
LED light was increased, suggesting a reduced number of absorbing molecules.
These effects could be due to sublimation or thermal degradation of host as well
as guest DCM molecules since, as discussed, above 5000 Å LUCO layer thickness
the guest molecules also contribute to the overall absorption. Therefore, the cur-
ing temperature was lowered to 150◦C. Additionally, in order to compensate for
1tris(1-phenylisoquinoline) iridium (III)
2N,N’-di(naphthalene-2-yl)-N,N’-diphenyl-benzidine
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Figure 5.22: Time-dependence of the luminescence peak intensity of LUCO-LED
DCM/Alq3 devices with and without PI as protective layer. PI is treated
for 1h at 150◦C. In the inset, the initial emission spectra are presented.
The peak LED intensity is 995 mW/cm2.
the LUCO-LED color changes after the thermal treatment of the polyimide top
layer, the concentration of DCM was increased above the optimal 2 vol%. Fig-
ure 5.22 presents the corresponding initial PL spectra of the LUCO-LED devices,
along with the time dependence of the LUCO peak intensities. Comparison of
the emission spectra indicates that this curing procedure is more friendly toward
the organic molecules. The chromaticity coordinates change only slightly: x’ =
0.34, y’ = 0.27 after the curing with respect to x’ = 0.35, y’ = 0.21 without PI.
The time evolution of the LUCO emission points at an increased photostability
for the device with the PI protective layer by a factor of 3. Thus, the PI film has a
positive influence on the photostability of the LUCO layers, reducing the impact
of the reactive atmosphere on the photobleaching.
5.3 Summary
In this Chapter, we first studied the optical response of doped with DCM and
rubrene Alq3 films. In the context of dye/optically active matrix interactions, we
emphasize the following dependencies: (i) Efficient Förster energy transfer from
the optically active host Alq3 to the guest molecules results in enhanced lumines-
cence efficiency (ii) Aggregation of guest molecules leads to shift of PL maximum
and decrease of luminescence (iii) PL intensity and peak position are concentration
dependent. The highest PL efficiency is reached at ∼ 2 vol% guest dye quantity
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Figure 5.23: Normalized emission spectrum of a blue OLED with Spiro-DPVBi emis-
sion layer
which is in a good agreement with the determined Förster radius (iv) Doped Alq3
films degrade relatively fast in both vacuum and air. Consequently, the results
suggest that the optical behavior and photostability of a dye/active matrix system
follow the general dependencies established in the previous Chapter: The distri-
bution of dye molecules in the matrix influences their emission independent of the
matrix character, active or inert. In contrast, the photobleaching is affected by
both molecular distribution and matrix nature, rigid or flexible.
Next, we presented examples for an application of the molecularly doped Alq3
thin films as effective luminescence conversion layers in combination with blue
LEDs as primary light sources. We demonstrated that, depending on the LUCO
film thickness and doping ratio, the primary blue light can be converted into
white light. The introduced LUCO-LED devices are compact and easy to fab-
ricate. They are characterized by high conversion efficiency, nearly Lambertian
emission and relatively high colour rendering index. Thus, selective doping of one
of the most promising emitters is an attractive way not only for increasing the PL
quantum yield, but can also be applied for fabrication of white-emitting hybrid
LEDs. Yet, the low values of the decay time constants, along with the relatively
fast change of emission color, demonstrate the insufficient stability.
Until now, we discussed the stability of the LUCO layers when excited with an
inorganic LED, i.e. an inhomogeneous, small-area, high-luminance source. Let
us now make a transition to a homogeneous, large-area, low-luminance excitation
source and consider the case of luminescence conversion device based on a doped
Alq3 film and organic blue LED with a luminous intensity Iv of 100 cd/m2. A
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typical spectrum of a blue OLED using Spiro-DPVBi3 as emitter material is pre-
sented in Fig. 5.23 (the spectrum is provided by Thomas Rosenow, IAPP). Then,
using the relation between the radiant flux P and the luminous flux Φv of the
OLED
Φv = 683 lm/W
780∫
380
P (λ)V (λ)dλ, (5.20)
with V(λ) the eye sensitivity function, we can calculate the decay time of the
LUCO layer. For that purpose, we apply Eq. (5.10) in which Iexc now corresponds
to the number of absorbed photons per square meter at an incident illuminance
of 100 cd/m2 and K is the constant determined from the model presented above.
Thus, for the doped 3.5 vol% DCM/Alq3 LUCO layer without encapsulation4 (cf.
Fig 5.22) we find a lifetime of 10880 h. For the device with PI protective layer,
using a linear extrapolation
Iv × τ = const, (5.21)
the decay time increases to values higher than those referred for OLEDs with
doped rubrene/Alq3 emitter films (about 6530 h for illuminance of 500 cd/m2, cf.
p. 141 above). In order to further improve the LUCO-LED performance lifetime,
the development of an adequate encapsulation technique is required. PI is not
optimal as encapsulation layer, since the thermal stability of the used organic
dyes puts restraints on the PI curing temperature.
32,2’,7,7’-tetrakis-(diphenylvinyl)spiro-9,9’-bifluorene
4For the purpose of comparison, we used exactly the same LUCO layer parameters as in the case
of the inorganic LUCO-LED device. However, since the spectrum of the OLED is shifted to
higher wavelengths with respect to that of the inorganic LED, an optimization of the LUCO
layer might be necessary, for example, in order to generate white light.
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6.1 Conclusions
In this thesis, we investigated solid solutions of organic dye molecules in various
types of hosts - organic and inorganic, optically active and inert. The dyes under
study, perylene, 2,2-difluoro-1,3,2-dioxaborine derivatives, and Alq3, were chosen
with respect to their particular structural properties. For all dyes, we have shown
that the preparation of stable and reproducible luminescent solid systems using
physical vapor deposition is feasible. However, extensive experimental experience
indicates that the high temperature required for evaporation of the inorganic SiO2
matrix could in some cases spoil the luminescent properties of the systems, due
to lack of thermal stability of the organic compounds.
The results obtained reveal that the optical response of the studied solid so-
lutions depends on dye distribution and thin film structure. In the matrix, it is
possible to achieve enhanced photoluminescence quantum efficiency with respect
to the pure dye film. Determinant for the PL efficiency is the Förster transfer
since, due to migration of excitation, the energy transfer to dye aggregates or
destructed (inactive) molecules, leads to decrease of the luminescence efficiency.
Therefore, the effective isolation and separation of dye molecules in the matrix
(predominant monomer distribution) results in increased PL efficiency.
We have demonstrated that the microscopic structure of the mixed films can
be affected by the preparation technology. Alterations in preparation scheme, dy-
namic state of the substrate, etc., result in diverse properties at the same macro-
scopic dye concentration. We introduced a layer-by-layer growth mode which
allows to control the molecular distribution in two directions - in plane and in
depth of the film. With respect to the classical co-deposition approach, for all
investigated dyes incorporated in SiO2, layer-by-layer growth assures more homo-
geneous dye distribution. Moreover, the spectroscopic studies show that, since
dye and matrix condense successively in time, luminescence losses due to thermal
degradation of molecules are reduced. Hence, the film structure can be optimized
with regard to high absorption and luminescence quantum efficiency.
Further, we have shown that, similar to liquid solutions, the luminescent proper-
ties of the embedded dyes are influenced by the nature of the host environment as
well. In the rigid SiO2 matrix, it is possible to observe isolated fac-Alq3 molecules
with distinctive blue luminescence. In contrast, in the "soft" organic PI matrix
Alq3 exhibits the ordinary green luminescence. Thus, the structural properties of
the SiO2 host, rigidity and density, are found to be crucial for the preservation
of the fac-Alq3 molecules. Similarly, due to the rigidity of the SiO2 environment,
the formation of free rotamers is impeded. Hence, the incorporation of unbridged
2,2-difluoro-1,3,2-dioxaborine derivatives in SiO2 results in increased PL efficiency.
The photostability studies carried out indicate that the structure of the host
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affects also the photobleaching behavior of the solid dye solution. Molecules in-
corporated in the inorganic SiO2 matrix show higher stability against irradiation.
Although oxygen is able to penetrate through SiO2 and reach the dye, increas-
ing the host density and homogeneity results in more efficient trapping of the
molecules. In general, the rigid matrix environment restricts considerably molecu-
lar motions, and thus the probability for participation in photobleaching reactions
decreases.
In PI matrix, according to the absorption and luminescence spectra, the be-
havior of the dye molecules is governed by the morphological changes of the host.
These changes are defined by the curing procedure, needed for imidization, and
give rise to a certain film structure. Consequently, the photophysical properties
of the mixed dye/PI layers have to be discussed in dependence on the particular
experimental parameters. In contrast to the stiff SiO2 matrix, PI allows a limited
dye motion. Thus, in PI the separation and isolation of molecules at higher dye
concentrations is less effective compared to SiO2.
Finally, our studies confirmed that the incorporation of DCM and rubrene
molecules in the optically active Alq3 host leads to efficient Förster transfer of the
excitation energy from Alq3 to the guest molecules. The luminescence and photo-
bleaching behavior follow the general tendencies established for dye molecules in
the optically inert hosts SiO2 and PI. Emission is affected by the guest distribution
in the matrix: PL intensity and peak position are concentration dependent. At op-
timal dopant concentration of around 2 vol%, the luminescence efficiency achieved
is close to unity. Photostability depends on matrix nature: In the plastic Alq3
host, molecules degrade faster than in the rigid SiO2. It is also affected by molec-
ular distribution: Molecular aggregates are less stable than isolated molecules.
On the basis of doped Alq3 films, we realized luminescence conversion devices
using commercial blue LEDs as primary light sources. Optimization of the LUCO
layer parameters resulted in effective white light generation. The LUCO devices
have high conversion efficiency, nearly Lambertian emission and color rendering
index comparable to that of commercial two-color LUCO-LEDs. However, they
show the disadvantage of low photostability and thus are rather ineligible for
applications without an adequate encapsulation.
6.2 Outlook
In the present thesis, several issues require some further experimental and theo-
retical considerations. The first one concerns the photobleaching mechanism in
the studied solid systems. According to the obtained results, it is necessary to
consider two different types of mechanisms: one for the isolated molecules and
another including dye-dye interactions. For that purpose, it is necessary to iden-
tify the products of the photodegradation reaction. This can be done using for
example mass spectrometric methods. First experiments in this direction on irra-
diated dye/SiO2 films were carried out, however without satisfactory results. The
difficulties lie mainly in the low dye quantities in the layers, and correspondingly
low detection sensitivity. Additionally, since oxygen is found to play double role
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in the photobleaching reactions, i.e. participating in formation of non-fluorescing
complexes or deactivating long living dark states, as discussed in [151], in order
to clarify its influence on the studied systems irradiation, experiments should be
performed in high vacuum as well. Because the porosity of the SiO2 host is found
to be significant for the photostability, detailed studies of the film morphology in
dependence on the matrix evaporation rate, combined with photobleaching mea-
surements have to be carried out. The specific surface area and pore volumes can
be determined using the standard BET (Brunauer-Emmett-Teller) method.
Second, as commented in Section 4.1.3, due to the low molecular concentra-
tion, it was not possible to prove the presence of facial Alq3 molecules in the
SiO2 matrix by an independent method. The problem can be solved by assuring
experimental conditions at which the facial molecules can be extracted from the
matrix and at the same time conserved in the facial state. This can be done using
a suitable solvent while keeping the samples at low temperature (e.g. in dry ice).
For identification of the fac-Alq3 molecules simply luminescence spectroscopy can
be used. Besides, preparation of mixed layers of Alq3 in thermally evaporable
matrices, for example LiF, and study of their luminescent properties, can verify
the assumption for thermal interactions between the dye and the matrix causing
isomer transformation. It is known that, similar to Alq3, Ir(ppy)3 exists in two
isomer forms and the meridional isomer converts to the facial one during high-
temperature synthesis [160]. Therefore, as complimentary study the luminescence
behavior of incorporated in the SiO2 host Ir(ppy)3 molecules should be followed.
Third, systematic structural studies on dye/PI layers in dependence on thermal
treatment conditions can help to resolve the effect of the matrix morphology on the
optical response of the embedded dyes. For that purpose, microscopic techniques
such as SEM or transmission electron microscopy (TEM) can be applied. For
a deeper understanding of the relaxation processes in the dye-polymer system,
these experiments should be carried out in combination with low-temperature
and transient PL measurements.
Finally, both high luminescence efficiency and stability can be achieved if the
improved resistivity against photobleaching in SiO2 is combined with efficient
Förster energy transfer, as in the case of doped Alq3 films. A feasible solution
represents the selective doping of a host dye within the matrix. The results in
this direction obtained so far have not been satisfactory. However, this could be
due to several reasons: low thermal stability of the embedded dopant dyes, alter-
ation of the spectral properties of the donor and thus following violation of the
requirements for resonant transfer, etc. Therefore, it is reasonable to carry out
further experiments, including new combinations of donor - acceptor pairs, exten-
sive analysis of the individual spectral response of donor and acceptor embedded
in SiO2, examination of various doping ratios within the inorganic matrix, and so
on.
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List of Symbols and Abbreviations
1D one-dimensional
ABMBF 4-methyl-6-phenyl-2,2-difluoro-1,3,2-dioxaborine
AFM atomic force microscopy
Alq3 tris(8-hydroxyquinoline) aluminium
c concentration
CT Charge-transfer exciton
CuPc Cu-phtalocyanine
cw continuous wave
d film thickness
DBMBF 4,6-diphenyl-2,2-difluoro-1,3,2-dioxaborine
DCM 4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyril)-4H-pyran
DMF dimethylformamid
DMSO dimethyl sulfoxide
ε extinction coefficient
EL electroluminescence
EMA effective medium approximation
fac-Alq3 facial Alq3
φext external PL quantum efficiency
φint internal PL quantum efficiency
FTIR Fourier transform infrared spectroscopy
FWHM full width at half maximum
HOMO highest occupied molecular orbital
HV high vacuum
Ir(ppy)3 tris(2-phenylpyridine) iridium (III)
J overlap integral
k absorption index
ki photobleaching rate constant
LED light-emitting diode
LOM Lorentz oscillator model
LUCO luminescence conversion
LUMO lowest unoccupied molecular orbital
MC1 merocyanin dye
MePTCDI N,N’-dimethylperylene-3,4,9,10-bis-dicarboximide
mer -Alq3 meridional Alq3
n refractive index
OD optical density
ODA oxydianilline
OLEDs organic light-emitting diodes
PI polyimide
PL photoluminescence
PMDA pyromellitic dianhydride
PTCDA 3,4,9,10-perylenetetracarboxylic-dianhydride
PVD physical vapor deposition
R reflectance
R0 Förster radius
RT room temperature
SEM scanning electron microscopy
τi decay time constant of photobleaching
T transmittance
VD vacuum deposited
VDP vacuum deposition polymerization
WM Wannier-Mott exciton
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